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ABSTRACT 
Heme copper oxygen reductases (HCOs) are key enzymes for aerobic respiration. 
As a terminal electron acceptor, HCO catalyzes the sequential transfer of four electrons 
from reduced cytochromes c on the P-side of the membrane, and four protons from the 
cytosol on the N-side, to molecular O2 bound at the active site that results in the 
production of water. The excess energy released in this reaction is used to pump protons 
from the N-side to the P-side. These processes establish an electrochemical proton 
gradient across the membrane that is utilized by ATP synthase for ATP production. The 
HCO superfamily is primarily classified into A-, B- and C-families. The C-family HCOs, 
which are found exclusively in prokaryotes including a number of pathogenic bacteria, 
are evolutionally quite distant from the A-family HCOs present in human mitochondria. 
There are distinct differences between the A- and C-family that make the C-family HCOs 
in pathogens excellent drug targets. However, much less is known about the molecular 
mechanism of the C-family HCOs. This thesis is focused on the biochemical 
characterization of C-family HCO from Vibrio cholerae. Structure analysis, sequence 
analysis, molecular dynamics (MD) simulations and site-directed mutagenesis revealed 
that the C-family HCOs utilize only a single proton channel (KC-channel), in contrast to 
the A-family HCOs that use two proton channels. Our research also confirmed that the 
KC-channel begins at the cytoplasm facing E49 in the CcoP subunit, and ends at Y321 
near the active site in the CcoN subunit, and includes internal water molecules and 
several conserved polar residues (e.g. Y227, S244 and N293) that form a hydrogen 
bonded network to facilitate proton diffusion. Further characterizations using UV-visible 
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and Resonance Raman spectroscopies, and CO recombination kinetics indicated that the 
active site was conformationally linked to changes of residues within the KC-channel. 
The detailed reaction mechanism during oxidation was further examined using the flow-
flash technique. The results suggested that the proton transfer process involves two-steps: 
1) proton transfer from an internal proton donor to the active site and 2) proton transfer 
from the bulk solution via the entrance (E49) of the KC-channel for rapid reprotonation of 
the internal proton donor. Y321, located further up the KC-channel, was suggested to be a 
bifurcation point, where protons are diverged to either the active site to reduce oxygen to 
water or the proton-loading site (PLS) for pumping to the P-side. This is supported by our 
observations that Y321 contributes to the fast unidirectional proton transfer in the KC-
channel, thereby preventing protons from diffusing back to the cytosol. We also observed 
that the proposed proton exit pathway from Y321 to a putative PLS (N337/H341) for 
proton pumping is connected to the conformation of both the active site and the CcoP 
subunit implying its crucial role in the reaction. Additionally, the function of the CcoP 
subunit (a membrane bound diheme cytochrome c), which contributes to the distinct 
structural properties of the C-family HCOs, was examined. We propose that the CcoP 
subunit functions to extend both electron and proton wires by providing entrances for 
each pathway, and that the transmembrane helices of CcoP are required for the 
assembly/stability of the enzyme. It is concluded that in the C-family HCOs the unique 
structural features of electron and proton transfer pathways are correlated with the 
specific enzyme functions and mechanisms. Thus our study provides a fundamental 
insight into the mechanisms of C-family HCOs and may contribute to the development of 
new drugs targeting C-family HCOs in pathogens. 
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CHAPTER 1: INTRODUCTION  
1.1. Cellular respiration  
All living organisms require energy to accomplish the everyday tasks of life. 
Cellular respiration is the process that converts the biochemical energy from a food 
source to a usable form of energy that can be used in a cell. Glycolysis and the Kreb’s 
cycle are early steps in cellular respiration that conserve energy by creating high-energy 
electron carriers, NADH and FADH2 (Figure 1.1). Then, electrons within NADH and 
FADH2 are transferred sequentially through the electron transport chain, where it is 
efficiently transformed to a proton gradient in a process called “oxidative 
phosphorylation” (1). This process occurs in mitochondria of most eukaryotes or in the 
cell membrane of prokaryotes. 
 
Figure 1.1. Metabolism in a eukaryotic cell: Glycolysis, the citric acid cycle, and 
oxidative phosphorylation.  
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The electron transport chain (i.e. respiratory chain) consists of a series of 
membrane spanning proteins (Complex I, II III and IV) in the inner mitochondrial 
membrane or aerobic bacterial membrane (Figure 1.2). Complex I (NADH 
dehydrogenase) (2) catalyzes the transfer of two electrons from NADH to the lipid-
soluble electron carrier, ubiquinone (Q) resulting in proton translocation across the 
membrane and the formation of ubiquinol (QH2). Complex II (succinate dehydrogenase) 
also transfers electrons to Q from succinate resulting in the formation of ubiquinol (QH2) 
(3). Complex III (cytochrome bc1 complex) transfers electrons from ubiquinol (QH2) to 
the water-soluble electron carrier, cytochrome c contributing to the proton gradient (4). In 
the final stage of the electron transport chain in aerobic respiration, electrons from 
reduced cytochrome c are removed and transferred to O2 by Complex IV (heme copper 
oxygen (HCO) reductase) (5). In complex IV, the released free energy during exergonic 
O2 reduction reaction drives proton translocation across the membrane.  
The overall electron transfer process through the respiratory chains (I, III, and IV) 
is coupled to proton translocation across the membrane. The energy stored in such a 
gradient is called proton-motive force and consists of two different potential energies. 
The chemical potential energy is caused by a different concentration of H+ across the 
membrane and the electrical potential energy is caused by a charge difference across the 
membrane. The electrochemical proton gradient generated by a series of oxidation and 
reduction reactions in the electron transport chain is subsequently used by ATP synthase 
to produce ATP. This was proposed by Peter Mitchell (6) as the “chemiosmotic theory” 
that ATP synthesis comes from the electrochemical proton gradient formed by using the 
energy stored in NADH and FADH2. 
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Figure 1.2.  Schematic representation of the respiratory chain enzymes and ATP synthase 
in the inner membrane of mitochondria. (Complex I: NADH dehydrogenase, Complex 
III: cytochrome bc1 complex, Complex IV: heme-copper oxidase, cyt c: cytochrome c, Q: 
ubiquinone).  
1.2. Heme-copper O2 reductases superfamily  
1.2.1. Function and structure 
The vast majority of aerobic respiration by both prokaryotic and eukaryotic 
organisms is catalyzed by heme-copper O2 (HCO) reductase superfamily. As a terminal 
oxidase in aerobic respiration, HCO performs an O2 reduction reaction that requires four 
electrons from electron donor on the P-side, and four protons from the N-side of the 
membrane. In HCO, oxygen reduction chemistry contribute to the formation of ∆µΗ+ 
Complex(I( Complex(III( Complex(IV(
N"side'
P"side'
Cyt(c"
Q(
H+( H+( H+(
ATP(e3(
ATP(synthase(
ADP(H
+(
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since the protons and electrons for oxygen reduction to water taken from the opposite 
sides of the membrane result in the net transfer of four charges across the membrane. In 
addition, the energy released from the oxygen reduction process is conserved in the form 
of an electrochemical proton gradient across the membrane (∆µΗ+). 
O2 + 4Hin+ + nHin+ +  4e- à 2H2O + nHout+ 
The Heme-copper oxygen reductase superfamily (7) is defined by the heme-
copper binuclear active site (Figure 1.3), which is composed of a copper atom (CuB) and 
a high-spin heme, where O2 binds and is reduced to water. At the active site of the HCO 
superfamily, a catalytic tyrosine residue forming a covalent bond to one of the three 
histidine ligands of CuB (8-10) is suggested to donate a hydrogen atom (an electron plus a 
proton) during catalysis to facilitate cleavage of the O-O bond after O2 binds to the 
reduced high-spin heme (10,11). 
 
Figure 1.3. Catalytic center of cytochrome c oxidase (PDB entry 3MK7): high-spin heme 
a3, CuB, histidine-tyrosine cross-linked structure, and their ligands.  
Y255 
H211 
H261 
H262 
H349 
CuB 
Heme b3 
His-Tyr cross-link 
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All of the HCO enzymes also harbor a low spin heme, which facilitates the 
transfer of electrons to the binuclear center, in subunit I. The high-spin heme is ligated by 
a single histidine, the low-spin heme is ligated by two histidines and CuB is ligated by 
three histidines (12). These six histidine ligands, a low spin heme and binuclear center 
along with the catalytic Tyr residue are conserved in all members of the HCO 
superfamily (7). The active-site heme in HCOs appears to be diverse (heme A, B or O) in 
bacteria (Figure 1.4) (13). In addition to the common structure, HCOs have additional 
prosthetic groups as a transport site for electrons: a bimetallic copper site CuA (A-and B-
family) or c-type hemes (C-family). 
 
Figure 1.4. Structures of heme types: heme B, heme O, heme A, and heme C (heme C is 
covalently bound to polypeptide via thioether bridges).  
 
Heme B Heme O Heme A 
Heme C 
vinyl group  
formyl group methyl group 
hydroxyethyl farnesyl side chain 
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In contrast to eukaryotes, where only the A-family HCO is present, the respiratory 
chains in bacteria usually contain multiple terminal oxidases which allow bacteria to 
adapt to various environmental conditions during their life cycles (7). For example, in 
Rhodobacter sphaeroides, aa3 oxidase (A-family) is predominantly found under high 
oxygen conditions whereas cytochrome cbb3 (C-family) is mostly expressed under low 
oxygen conditions (14, 15) (see 1.2.2). 
1.2.2. Classification 
Based on phylogenetic and structural analysis, the HCO superfamily can be 
divided into three major families: the A-, B- and C- families (Figure 1.5). The A-family, 
which is related to human cytochrome c oxidase, is the most abundant and well-known of 
the families. The least abundant B-family enzymes (e.g. Thermus thermophilus ba3) are 
present only in bacteria and archaea, but not in eukaryotes. The C-family, which is 
evolutionarily distant from the A-family, is only found in prokaryotes including a number 
of pathogens. Subunit I in all HCOs contains pathways leading to the heme-copper active 
site for the delivery of electron and protons, however each family exhibits different 
features in the electron and proton transfer pathways (16). The A-family HCOs contain 
two proton delivery channels called the D-channel and the K-channel respectively (17-
20), whereas the B- and C-family HCOs show only one functional proton input channel 
spatially equivalent to the K-channel of the A-family HCOs (21-25). However, none of 
residues lining the K-proton channels in the B- and C-families are conserved in that of A-
family HCOs (24).  
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Figure 1.5. Overview of the structures of A-, B- and C-HCO superfamily. A cartoon 
representation of each family shows its subunit (Catalytic subunit I-red, subunit II-yellow 
(A- and B-families), green (C-family), subunit III- blue (A-family), ice blue (C-family)) 
Proton transfer pathways are indicated by black arrows. PDB ID: 1M56 (A-family), 
1EHK (B-family), 3MK7 (C-family) 
1.3. C-family heme copper oxygen reductase 
The C-family HCOs, found mainly in bacteria, comprise ~24% of all total HCOs. 
Due to a high O2 affinity, the C-family HCOs are predominantly expressed under low O2 
concentrations. As a result, C-family HCO enables bacteria to colonize microaerobic 
environments (26, 27). A number of pathogenic bacteria (e.g. Helicobacter pylori, 
Neisseria meningitides and Neisseria gonorrhea) have the cytochrome cbb3 as a sole 
terminal oxidase in their aerobic respiratory chain. Thus it makes the C-family HCOs an 
attractive drug target. The C-family HCOs are distinct from other members of the HCO 
superfamily in regards to structural features, for example in the electron acceptors, the 
A-family B-family C-family 
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heme types and proton channels (28). The C-family HCOs accept an electron through 
heme c in the periplasmic domain of CcoP subunit whereas other members receive an 
electron in the CuA in subunit II (29, 30). The active-site heme in all other HCOs (A- and 
B-family) appears to be variants of either heme O or heme A whereas the active heme of 
C-family HCOs is heme B. In the C-family HCOs, the catalytic tyrosine is originated 
from a different helix compared to A- and B-family HCOs (10, 31). 
1.3.1. Structure of C-family HCO 
The C-family HCOs (cytochrome cbb3) were initially identified in the bacterium 
Bradyrhizobium japonicum where the operon fixNOQP was expressed under 
microaerobic conditions (26). The equivalent ccoNOQP operon, which encodes for the 
subunit I (catalytic subunit), subunit II, subunit III and subunit IV of the C-family HCO, 
was identified in proteobacteria such as Rhodobacter capsulatus (32), R. sphaeroides 
(33) and P. stutzeri (34). The X-ray crystal structure of cytochrome cbb3 from 
Pseudomonas stutzeri has been determined (25). Although subunit I (CcoN in C-family) 
is conserved in all members of the HCOs, the CcoO, CcoP and CcoQ subunits in the C-
family HCOs (cytochrome cbb3) share no similarity with subunits found in A- or B-
family HCOs. 
CcoN: CcoN, with 12 transmembrane helices, is a catalytic subunit in C-family 
HCOs (25). The low-spin heme b and the active site (high-spin heme b3-CuB) are located 
within CcoN. The high-spin heme b3 in CcoN is axially coordinated by a single histidine, 
the CuB is ligated by three histidines and the second heme b is ligated by two histidines 
(24). These histidines are completely conserved in all C-family HCOs. Most key residues 
for KC-proton channel are located within the CcoN subunit (23, 24). 
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Figure 1.6. (A) Structure of C-family heme-copper O2 reductase: Catalytic subunit I 
(CcoN)-pink, subunit II (CcoO)-green, subunit III (CcoP)-blue, heme-grey, copper-
orange, iron-green, calcium-brown, key polar residues in KC-channel-yellow, water 
molecule-red. (B) Electron (shown in yellow arrow) and proton transfer pathways (shown 
in blue arrow). Electrons are transferred from heme c in CcoP to the active site heme b3 
in CcoN. The KC-channel starts with E49 in CcoP and ends at Y321 in CcoN. CcoN 
(shown in pink dotted box) contains most key residues lining the KC-channel except E49, 
the entrance of the KC-channel. The structures depicted are taken from PDB 3MK7. 
CcoO: CcoO contains a single transmembrane helix and a hydrophilic domain 
with one heme c, which is an electron donor to the low spin heme b. The mono heme c in 
CcoO is ligated by a histidine and a methionine in the proximal and distal positions 
P-side 
N-side 
A e"#
H+#
B 
heme b heme b3 
heme c 
heme c 
heme c 
CuB 
Y321 
Y255 
Y227 
H247 
Y241 
S244 
E49III 
N293 
Ca2+ 
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respectively. CcoO exhibits homology to NorC, a membrane anchored cytochrome c 
subunit of nitric oxide reductase (NOR) (26, 35). NorC appears to serve as an initial 
electron acceptor in NOR (36, 37). Thus, it is suggested that CcoO subunit might also 
fulfill the role of electron acceptor in the C-family HCOs. A number of bacterial genomes 
encode putative variants of cytochrome cbb3, which include only CcoN and CcoO, 
indicating a minimal 2-subunit subcomplex required for their function (38). 
CcoQ: The CcoQ subunit contains a single transmembrane helix with no redox 
center. CcoQ is not required for either assembly or catalytic activity of the cytochromes 
cbb3 from either R. sphaeroides (39) or from B. japonicum (27). The function of this 
subunit remains unclear. However, CcoQ has been shown to be important for stabilizing 
the interaction between CcoP and the core complex CcoNO in the enzyme from R. 
capsulatus (40) and for protecting the cbb3 complex from oxidative destabilization in the 
presence of oxygen (39). 
CcoP: CcoP, in most cases, contains two hemes c, but in some enzymes contain 
either one or three, which provide the “electron wire” directing electrons from 
periplasmic electron donors to the heme c in CcoO. The function of CcoP will be 
demonstrated in chapter 6. The displacement of the distal histidine ligand to one of the 
hemes c in CcoP, evidenced by the binding of CO, is suggested to be involved in the 
binding of available oxygen serving as a heme based sensor. Many proteins with 
hexacoordinate heme show reversible ligand binding function as ligand sensors (41, 42), 
which are important regulators of adaptive responses to O2, CO and NO levels. This 
includes plant hexa-hemoglobins (Hbs) (43) and the E. coli EcDos (heme-regulated 
phosphodiesterase) (44, 45). 
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1.3.2. Assembly of C-family HCO 
The gene products of the ccoNOQP operon encode for subunits CcoN, CcoO, 
CcoP and CcoQ of cytochrome cbb3 enzyme as shown in Figure 1.6 (27). In most 
Proteobacteria, the ccoGHIS gene cluster is found to be located just downstream of the 
ccoNOQP operon (46, 47) and is required for the assembly of the cytochrome cbb3 
enzyme complex. Similarly to the ccoNOQP operon, expression of the ccoGHIS operon 
is induced under microaerobic conditions (48).  
 
 
Figure 1.7. An assembly scheme for cytochrome cbb3 in R. capsulatus. Assembly of the 
intact enzyme complex proceeds via interaction of assembly factor CcoH with two 
subcomplexes: CcoNO and CcoQP. Full assembly of CcoNOQPH2 is then achieved by 
the dimerization of CcoNOH and CcoQPH. 
CcoG, CcoH, CcoI and CcoS are shown to have specific roles in the biogenesis of 
cytochrome cbb3 enzyme (47, 48). It is proposed that CcoI and CcoG are involved in CuB 
incorporation, and CcoS is required for the insertion of hemes b (46, 47). CcoH is a 
CcoN 
CcoO 
CcoH 
CcoP 
CcoH 
CcoQ 
CcoP 
CcoH 
CcoQ 
CcoN 
CcoO P-side 
N-side 
membrane 
 12 
single transmembrane helix with an extended periplasmic domain that is suggested to 
serve as a dimerization domain. CcoH appears to be necessary for the assembly of the 
final active CcoNOQP complex from two pre-assembled complexes, CcoNO and CcoQP 
(Figure 1.7) (47, 49). An interaction of CcoH with the CcoNOQP complex also has been 
observed (34). 
1.4. Mechanism of C-family HCOs 
1.4.1. Proton transfer pathway 
A pathway for protons is necessary to facilitate proton transfer for both the O2 
reaction and proton translocation across the membrane since the buried active site within 
the HCO proteins have no direct contact with the aqueous phase. These proton channels 
are formed by conserved polar residues as well as internal water molecules that provide a 
hydrogen-bonded network for proton diffusion within the protein by a Grotthus-type 
mechanism (50, 51).  
In A-family HCOs, there are two well-defined proton-input channels leading from 
the N-side to the vicinity of the active site, designated as the D-channel and the K-
channel, respectively. Both the D- and K-channels contain highly polar/protonatable 
residues that guide the formation of a hydrogen bonded water wire within the channels 
(52). The D-channel starts from a conserved aspartate residue (D132, R. sphaeroides 
numbering) (53) on the cytoplasmic surface of subunit I and ends at an internal proton 
donor, glutamate residue (E286, R. sphaeroides numbering) (54) near the active site. The 
D-channel is utilized for the transfer of all four pumped protons and two chemical 
protons (55). On the other hand, two chemical protons are transferred to the active site 
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through the K-channel during the reductive phase of the catalytic cycle (56).  
The X-ray structure of the P. stutzeri cbb3 (C-family) (25) revealed a single 
putative proton channel, the so called K-channel, towards the active site (Figure 1.6.B). 
The patterns of conserved polar residues that define the K-channel are unique to the C-
family enzymes, and differ from the polar residues conserved within the K-channel of the 
A- and B-family HCOs (24). Because there are no conserved polar residues that form the 
equivalent of the D-channel in the B- and C-family HCOs, all four of the chemical 
protons, as well as all pumped protons, must use the KB- and KC-channels (22, 24). The 
study of the KC-channel of cytochrome cbb3 from V. cholerae is shown in chapters 2-4.  
1.4.2.  Electron transfer pathway 
According to the Marcus theory of electron-transfer (57), the rate of electron 
transfer depends on the edge-to-edge distance between donor and acceptor and the 
difference in their redox potentials. As shown in the figure 1.6.B, the electron transfer 
system of the C-family HCOs completely differs from that of the other HCOs, which 
might affect electron transfer rates and, consequently, catalysis and proton pumping. An 
electron is initially transferred from an electron carrier, soluble cytochrome c, to the low-
spin heme c in the periplasmic domain of CcoP. Next it is delivered to the low-spin heme 
b through low-spin heme c in the periplasmic domain of CcoO. Subsequently, the 
electron is shuttled from heme b to the active site heme b3 from which, the electron can 
rapidly equilibrate with CuB. Here, the shorter edge-to-edge distances between heme c 
(CcoO) and heme b (CcoN), and between heme b and the active site heme b3 compared to 
those in A- and B family HCOs suggest faster electron transfer (25). After a second 
electron transfer to the binuclear site, O2 will be bound to the active site heme b3, reduced 
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and cleaved by receiving electrons from the heme b3 iron, CuB, and the putatively 
catalytic Tyr, as in family-A HCOs. In addition, the active site of the C-family HCOs 
exhibits unique features such as the loop O connecting heme propionates, the position of 
the catalytic tyrosine, and a presumed catalytic triad near the active site heme b3, which 
might contribute to the low O2 affinity (see Chapter 5). 
1.5. Study of the heme copper oxygen reductase enzymes 
1.5.1. Time-resolved optical spectroscopy  
The function of HCO enzymes has been extensively studied for several decades. 
Site-directed mutagenesis studies, X-ray crystal structures, spectroscopic techniques (e.g. 
resonance Raman spectroscopy and UV-visible optical spectroscopy) and molecular 
dynamic (MD) simulations of the HCO enzymes have provided detailed information 
about the functioning of the enzyme. Particularly, the catalytic cycle of the HCO 
enzymes has been studied using time-resolved optical spectroscopy, the so-called ‘flow-
flash’ technique (58). This methodology is based on the ability of reduced active site 
heme to bind CO, thus blocking the O2 binding site. Thus, the reaction cannot proceed 
until CO dissociates from the active site heme. For the measurements, the enzyme is 
incubated in an anaerobic atmosphere and all the redox centers in the HCO enzyme are 
fully reduced by electrons. CO ligand is then bound to the active site heme. The fully 
reduced CO bound enzyme complex is anaerobically transferred into one of the drive 
syringes of a stopped-flow apparatus (Figure 1.8). In the other syringe, an oxygen-
saturated buffer is loaded. When the fully reduced CO-bound enzyme and O2 saturated 
solution from each syringe are rapidly mixed, the reaction is initiated upon dissociation of 
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photolabile CO using a laser flash. After O2 binds to the active site, the subsequent step-
wise reactions can be measured at a specific wavelength with microseconds time-
resolution.  
 
Figure 1.8. Schematic view of experimental setup used for the measurements of heme 
oxidation and proton uptake of the HCO enzymes. A Xe-lamp provides light to the 
measuring cell via a monochromator. Photomultiplier tube (PMT) detects changes in the 
light signal recorded by the digital oscilloscope. After a set delay time, CO is dissociated 
from HCO by a laser flash that triggered by the stop syringe. (Figure from Johansson’s 
thesis) 
1.5.2. Catalytic cycle: reaction of the fully reduced enzyme with O2 
During the physiological catalytic turnover, an electron donor (e.g. cytochrome c) 
donates one electron at a time to the initial electron acceptor of the HCO enzyme and the 
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CuA/heme a to the catalytic site together with a proton from the D pathway. 
O4 formation is also accompanied by proton pumping. 
 
Figure 6. A): The experimental set-up used for studies of electron and proton trans-
fer in CytcO. The anaerobic CytcO-CO complex is mixed with an oxygenated buffer 
in a measuring cell. A Xe-lamp provides light to the measuring cell via a mono-
chromator. Light that is transmitted through the sample in the measuring cell is 
detected by a photomultiplier tube (PMT). The PMT gives an output current that is 
converted to voltage, which in turn is recorded by the digital oscilloscope. After a 
set delay time, the stop syringe triggers a laser flash that dissociates CO from 
CytcO, which initiates the reaction with oxygen and also triggers the oscilloscope to 
start recording the si nal. B): A schematic illustration of the electron and prot n 
transfer reactions that can be studied upon reaction between fully reduced CytcO 
and O2. Letters denote the intermediate states at the catalytic site and superscripts 
depict the number of electrons at the catalytic site. For a detailed description of the 
electron and proton-transfer reactions in this reaction scheme, see the text on pages 
26-27.  
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electron is then transferred consecutively to the heme copper active site (Figure 1.3). As a 
result, the HCO enzyme catalyzes O2 reduction with an increasing number of electrons 
transferred to the active site. On the other hand, the enzyme reaction starts with fully 
reduced redox centers with a decreasing number of electrons at the active site under the 
experimental procedure described above (Figure 1.9).  
 
Figure 1.9. The reaction sequence of the reduced A-family HCO with O2 from the flow-
flash measurements. The filled, half-filled and empty circles represent reduced, partly 
reduced and oxidized states, respectively. EH and E− are the protonated and deprotonated 
forms, respectively, of Glu286 (R. sphaeroides aa3). Proton pumping takes place in the 
reaction steps PR → F and F → O. 
In the A-family HCOs, the fully reduced (CuA, heme a, heme a3, and CuB) CO-
bound enzyme (R) binds to O2 forming the O2-adduct (A) intermediate upon CO-
photolysis (Figure 1.9) (59). The O-O bond is broken forming the so-called peroxy (P) 
intermediate with a time constant of ~60 µs (60, 61). A proton is then taken up via the D-
a" a3"CuB%
CuA%
O2%
EH% E+% EH%
R A PR F O 
PR F F 
H+%
H+% H+%
e+%
e+%
O2%
e+%
e+%
H+%
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proton channel with a time constant of ~100 µs, resulting in formation of the ferryl (F) 
intermediate (53, 62). During the same time scale as F formation, the electron in CuA 
equilibrates with heme a (such that each of the cofactors becomes about 50 % reduced) 
(63) and a proton is pumped across the membrane. The P à F transition is associated 
with a two-step proton transfer to the active site through the D- pathway where the proton 
is first taken internally from a suggested internal proton donor, E286, followed by 
immediate reprotonation from the bulk solution (Figure 1.9) (54, 64) Thus, the internal 
proton transfer (from E286 to the active site), which is controlled by the conformational 
change of the E286 or/and the reorganization of surrounded water molecules, might be 
rate-limiting for the formation of F intermediate (54, 59). Further reduction forms the 
oxidized (O) intermediate by transfer of the last electron from CuA to the active site, 
together with a second proton with a time constant of ~1 ms. Formation of O intermediate 
is also accompanied by proton pumping. 
In the C-family HCOs, the complicated CO binding kinetics due to the c-type 
hemes, hampers detailed kinetic studies using the flow-flash technique compared with 
other members of HCOs. Although the sequence of intermediates during oxygen 
reduction reaction still remains unknown, oxidation of all redox centers and proton 
uptake from solution occur with a time constant of ~1 ms (65, 66). In addition, when the 
proton uptake is inhibited through KC-channel due to removal of the entrance (E49), an 
intermediate with heme b oxidized, which is equivalent to the P intermediate in A-family, 
is observed (23, 67). The intermediates of the C-family enzyme might not be observed 
because of the slow rate of P formation (τ= 1 ms), which becomes rate-limiting for 
subsequent steps including proton transfer.   
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1.6. Aims of the present study 
Vibrio cholerae is a Gram-negative, facultative anaerobic bacterium which lives 
in different habitats, varying from aquatic ecosystems to the human intestinal tract. The 
genome of Vibrio cholerae encodes four terminal oxidases for aerobic respiration (Figure 
1.10) (68). Three bd-type oxygen reductases accept electron from ubiquinol (QH2), 
whereas one C-family heme-copper oxygen reductase (i.e. cytochrome cbb3) uses 
cytochrome c as an electron donor in its electron transport chains (24, 69, 70).  
 
 
Figure 1.10. Schematic representation of the aerobic respiratory chain of Vibrio cholerae.  
The C-family heme-copper oxygen reductase has been suggested to be required 
for virulence and pathogenicity since this enzyme allows organisms to colonize 
microaerobic environments due to a high affinity for molecular oxygen (29). Although 
the respiratory heme copper oxygen reductases in A-family of HCOs (human cytochrome 
substrate(
dehydrogenase(
QH2(
bc1(complex(
cbb3(oxidase(
bd(oxidase(
cyt(c$
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c oxidase) and in C-family of HCOs (bacterial pathogens) are related to each other, there 
are distinct differences that make it plausible that the respiratory oxygen reductases in 
pathogens might be good drug targets. X-ray crystallography and site-directed 
mutagenesis studies have shown that the C-family HCO (cytochrome cbb3 oxidase) is 
different from the A- and B-family HCOs in terms of electron and proton transfer 
pathways (23, 25). However, there was still no detailed information about the 
mechanisms of enzyme reaction in C-family HCOs. The main task of this study is to 
characterize C-family O2 reductase from Vibrio cholerae by using various different 
techniques (UV-visible absorbance spectroscopy, resonance Raman spectroscopy, flow-
flash measurement, electrochemistry, and proton pumping measurements). The main 
aims are more specifically categorized in each chapter: 
• Chapter 2: To explore a putative KC-proton channel of C-family HCO from V. 
cholerae.  
• Chapter 3: To investigate the proton transfer process during the O2 reduction 
reaction of C-family HCO by flow-flash measurements.  
• Chapter 4: To investigate role of conserved tyrosine residues in the K-channel 
between B- and C-family HCOs.  
• Chapter 5: To explore the proton exit pathway from a suggested branch point of the 
K-channel to the putative PLS around N337/H341 in C-family HCO from V. 
cholerae.  
• Chapter 6: To study the function of CcoP subunit consisting of hydrophobic 
transmembrane helices and periplasmic domain with two additional heme c 
moieties in C-family HCO from V. cholerae.  
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CHAPTER 2: CONFORMATIONAL COUPLING 
BETWEEN THE ACTIVE SITE AND RESIDUES WITHIN 
THE KC-CHANNEL OF THE VIBRIO CHOLERAE CBB3 (C-
FAMILY) OXYGEN REDUCTASE  
2.1. Introduction 
Nearly all aerobic organisms rely on one or more heme-copper oxygen reductases 
(HCOs) as the terminal enzyme in their respiratory chains.  These enzymes are virtually 
all proton pumps, coupling the generation of a proton motive force to the chemistry of 
reducing O2 to water (1-3).  Critical components of these enzymes include proton-
conducting channels which are conserved structures within each major family of HCOs 
(A-, B- and C-families) (4-6).  The proton channels are defined by conserved polar 
residues as well as internal water molecules that provide a hydrogen bonded pathway for 
proton diffusion within the protein by a Grotthus type mechanism (7-9).  The channels 
are required to provide pathways both for chemical protons, which are consumed at the 
enzyme active site to form water, and for pumped protons which are transported across 
the membrane.  For prokaryotic A-family HCOs, there are two well-defined proton-input 
channels leading from the bacterial cytoplasm to the vicinity of the active site, designated 
the D-channel and the K-channel (10, 11).  For each O2 consumed, 4 chemical protons 
are taken from the bacterial cytoplasm and an additional 4 protons are taken from the 
cytoplasm and delivered to the periplasm, for Gram negative organisms.  Previous studies 
have demonstrated that all 4 of the pumped protons along with 2 chemical protons are 
taken up by the D-channel, while the K-channel is required for delivering 2 chemical 
protons to the active site during the portion of the catalytic cycle prior to the binding of 
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O2 (11). An H-channel has also been proposed for the mammalian cytochrome c oxidase 
(3), but with no equivalent in the prokaryotic or fungal HCOs. 
Surprisingly, the B- and C-families of oxygen reductases, which are only found in 
prokaryotes, each utilizes only one proton-input channel, which is located in the 
homologous part of the protein as the K-channel of the A-family oxygen reductases (6, 
12, 13).  We will refer to these proton channels as the KB- and KC-channels for the B- and 
C-family enzymes, respectively. The patterns of conserved polar residues that define the 
KB- and KC-channels are unique to each family of enzymes, and both are different from 
the polar residues conserved within the K-channel of the A-family oxygen reductases. 
Since there is no equivalent of the D-channel in the B- and C-family oxygen reductases, 
all 4 of the chemical protons as well as all pumped protons must utilize the KB- and KC-
channels. The current study explores the properties of mutations within the KC-channel of 
cytochrome cbb3 from Vibrio cholerae.  
The X-ray structure of the cytochrome cbb3 (C-family oxygen reductase) from 
Pseudomonas stutzeri has confirmed the presence of only a single proton-conducting 
channel, located mostly within Subunit I (CcoN) (13).  Although the resolution is 
insufficient to define internal water molecules within the KC-channel, molecular 
dynamics (MD) simulations have demonstrated that highly dynamic water wires can form 
within the KC-channel and provide a pathway for proton translocation (14). Furthermore, 
these simulations suggest that the chemical and pumped protons share the same track but 
diverge after Y317Ps (P. stutzeri)1, at which point two pathways are possible, one for 
chemical protons leading to the active site and another for pumped protons leading to the 
propionates of heme b3, which is near the periplasmic bulk aqueous phase. 
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Although the bulk of the KC-channel is located in Subunit I (CcoN), mutagenesis 
studies of the cytochrome cbb3 from Rhodobacter sphaeroides demonstrated that the 
channel entrance is a highly conserved glutamate located on the cytoplasmic surface of 
subunit III (CcoP) (E49IIIPs) (15) (see Figure 2.1).  The proton pathway from E49IIIPs to 
the portion of the channel within subunit I (CcoN) is not evident. Here, MD simulations 
are used to identify a hydrated pathway from the cytoplasmic solution and mediating 
direct contacts between E49III and CcoN portion of the KC-channel, supporting the role of 
E49IIIPs in proton transfer. Site-directed mutagenesis studies of cytochrome cbb3 from 
Vibrio cholerae confirm the importance of the residues implicated as being part of the 
KC-channel. An important new finding is that a number of mutations within the KC-
channel also perturb the active site of the enzyme, suggesting a conformational coupling 
between the channel and the active site of the enzyme. 
2.2. Materials and method 
2.2.1. Site-directed Mutagenesis and Protein Purification 
The mutations were introduced using QuikChange site-directed mutagenesis kits 
(Stratagene). DNA primers were synthesized at Integrated DNA Technologies. 
Sequencing was performed at the UIUC Biotechnology Center. The expression, 
purification, and characterization of the V. cholerae cytochrome cbb3  (wild type and 
mutants) was performed as previously described (6, 35). 
2.2.2. Sequence analysis 
A total of 380 sequences of CcoN (Subunit I) from C-family HCOs were retrieved 
from the National Center for Biotechnology Information (NCBI) and Department of 
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Energy Joint Genome Initiative (JGI) databases. The sequences were aligned using 
MUSCLE (38) and conserved residues were identified with BIOEDIT(39) after 
modification. (35) 
2.2.3. Steady-state Activity 
O2 consumption by the enzyme was measured polarographically using a YSI 
model 53 oxygen meter. The reaction mixture contains 1.8 mL of 50 mM sodium 
phosphate, 100 mM NaCl and 0.05% dodecyl β-d-maltoside (DDM) at pH 6.5. 500 µM 
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) or 40 µM V. cholerae cytochrome 
c4, which is a natural electron donor for the V. cholerae cytochrome cbb3 (40), with 10 
mM ascorbate, is used as a reductant for enzyme activity assays at 25°C.  
2.2.4. CO-Flash-Photolysis  
The cbb3 sample at a concentration of 4 to 6 µM was prepared in a modified 
anaerobic cuvette and the atmosphere was exchanged to N2 on a vacuum line. The 
enzyme was reduced with 2 mM ascorbate with 2 µM phenazine methosulphate (PMS) as 
a mediator, followed by replacement of N2 by CO. Anaerobic incubation in CO results in 
formation of fully reduced CO-bound heme b3 adduct. The CO-ligand was photolyzed by 
a 10 ns laser flash at 532 nm (Brilliant B, Quantel), followed by detection of absorbance 
changes by an apparatus from Applied Photophysics (22). Experimental conditions: 50 
mM Hepes, 50 mM KCl, 0.03% DDM, 3 µM PMS, 3mM ascorbate, about 100 µM 
dithionite and 1 mM CO at pH 7.4 and 298K. 
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2.2.5. Flow-Flash measurements 
Measurements were performed as previously described (15).  Fully reduced CO-
bound cbb3 at a concentration of 5 to 10 µM in a buffer composed of 50 mM Hepes, 50 
mM KCl, 0.03% DDM and 50 µM EDTA at pH 7.4, was mixed in a 1:5 ratio in a 
modified stopped-flow apparatus (Applied Photophysics, Surrey, U.K.) with O2-saturated 
buffer.  The reaction with O2 was initiated by flash photolysis of the CO-enzyme adduct 
approximately 200 ms after mixing and monitored optically as absorbance differences at 
single wavelengths. The proton uptake measurement during the reaction of the fully 
reduced cbb3 with O2 was performed as described in (41).  
2.2.6. Resonance Raman spectroscopy 
The resonance Raman spectra were obtained as previously described (51). Briefly, 
the 413.1 nm excitation from a Kr ion laser (Spectra-Physics, Mountain View, CA) was 
focused to a ∼30 µm spot on the spinning quartz cell rotating at ∼1000 rpm. The 
scattered light, collected at a right angle to the incident laser beam, was focused on the 
100 µm-wide entrance slit of a 1.25 m Spex spectrometer equipped with a 1200 
grooves/mm grating (Bausch & Lomb, Analytical Systems Division, Rochester, NY), 
where it was dispersed and then detected by a liquid nitrogen-cooled CCD detector 
(Princeton Instruments, Trenton, NJ). A holographic notch filter (Kaiser Optical Systems, 
Ann Arbor, MI) was used to remove the laser line. The Raman shifts were calibrated with 
indene. The concentration of enzyme was 50 µM.  The laser powers used for all Raman 
measurements are indicated in the captions. 
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2.2.7. Molecular dynamics (MD) simulations 
System preparation:  All-atom MD simulations were performed on a membrane-
embedded model of the C-family O2 reductase (cbb3), prepared using the 3.2 Å crystal 
structure of the enzyme from P. stutzeri (PDB 3MK7) (13) inserted into a solvated and 
ionized patch of POPE lipid bilayer. Note that the sequences of P. stutzeri and V. 
cholerae are highly conserved, with 80% identity and 90% similarity in their CcoN 
subunits. The structure contains three protein subunits (CcoN, CcoO and CcoP), two 
heme b cofactors, CuB ion, two Ca2+ ions and three heme c cofactors (one bound to CcoO 
and two bound to CcoP). Since internal water molecules were not resolved in the crystal 
structure, the DOWSER program (16) was employed to model water molecules in the 
cbb3 complex. Sixty-three water molecules were thus added. Three of these are located 
within the upper portion of the KC-channel between Y251Ps (Y255Vc), T215 Ps (T219Vc), 
S283 Ps (S287Vc), Y317 Ps (Y321Vc) and H243 Ps (H247Vc), and one bridges E49IIIVc and 
S240 Ps  (S244Vc). The positions of these four modeled water molecules coincide with the 
previously proposed water molecules (13). 
The membrane-embedded cbb3 was constructed using the VMD program (42). 
The protein-cofactor complex was described using CHARMM 22 with ϕ/ψ corrections, 
and lipids were modeled using CHARMM36 force field (43-45).  Histidine residues of 
the CcoN subunit except H60 Ps (H64Vc), H257 Ps (H261Vc), H258 Ps (H262Vc), H345 Ps 
(H349Vc), and H347 Ps (H351Vc) were in the HSE tautomeric form (Nε atom of the 
imidazole ring carrying the proton). Nε atoms of H257 and H258Ps are ligated to CuB; 
H60 Ps and H347 Ps are ligated to low spin heme b; and H345 Ps is ligated to high spin 
heme b (heme b3). They were modeled in the HSD tautomeric form (Nδ atom of the 
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imidazole group carrying the proton). The histidines of CcoO and CcoP subunits that are 
ligated to low spin heme c were similarly modeled to be in the HSD form:  H69II Ps 
(H74IIVc), H147III Ps (H172IIIVc) and H237III Ps (H257IIIVc). Heme c cofactors were 
described by the parameter sets provided by Authenrieth et al. (46). The reduced CuB and 
His-Tyr crosslink (H207 Ps-Y251 or H211Vc-Y255) were modeled according to Hofacker 
et al (47) and Hemp et al (35). The membrane-embedded cbb3 was solvated with TIP3P 
water and ionized with 0.2 M NaCl, resulting in a fully solvated model with 170,000 
atoms.  
Simulation Protocols:  MD simulations consisted of the following steps: 0.5 ns 
melting of lipid tails during which only the lipid tails were allowed to freely move in 
order to allow better packing of lipids around the inserted protein, 2 ns simulation with 
restraints only applied to atom positions of protein and cofactors (all lipid atoms and 
water freely moving), and 120 ns of unrestrained equilibration. A 1000-step energy 
minimization with the conjugated gradient algorithm was performed at the beginning of 
each step. During the lipid tail melting step, all atoms except those in the hydrophobic 
tails of lipids were fixed, and the simulation was performed in the NVT ensemble. Other 
steps were done in the NPT ensemble. The restrained step consisted of several sequential 
steps during which the restrained were gradually removed: 0.5 ns with all heavy atoms 
restrained, 0.5 ns with only protein backbone heavy atoms and cofactor heavy atoms, and 
1 ns with only protein Cα-atoms and cofactor heavy atoms restrained. Harmonic 
potentials with a force constant of k = 1 kcal/mol/Å2 were applied for restraining atoms. 
All positional restraints were removed during the equilibration phase. In order to 
maintain the ligation of CuB to H207 Ps, H257 Ps and H258Ps, the His-CuB connections 
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were treated as unbreakable bonds with k = 65 kcal/mol/Å2 for the bond distances and 50 
kcal/mol/rad2 for the bond angles involving the CuB-His bond. The last phase, i.e., the 
equilibrium production run, was repeated 5 times in order to collect better statistics on 
various properties analyzed in this study. Each of these five independent runs included 
120 ns of simulation, resulting in a total of 600 ns of sampling. 
All simulations were performed using NAMD2 (48) with a time step of 2 fs.  
Periodic boundary conditions (PBC) were used throughout.  All bond distances involving 
hydrogen atoms were kept rigid using the SHAKE algorithm. The particle mesh Ewald 
(PME) method with a grid density of 1/Å3 was used to evaluate the long-range 
electrostatic interaction without truncation (49). The cutoff of van der Waals interactions 
was set at 12 Å. The temperature was maintained at 310K by Langevin dynamics with a 
damping coefficient of 1 ps-1. The Nose-Hoover Langevin piston method with a period of 
200 fs was used to maintain the pressure at 1 atm (50).  
2.3. Results 
2.3.1. Mutagenesis of a putative entrance of the KC-channel, E49IIIVc  
It was previously shown by mutagenesis (15) that E25IIIRs, which is equivalent to 
E49IIIPs (13), is the entrance of the KC-channel in cytochrome cbb3 from R. sphaeroides.  
This residue is highly conserved and the equivalent residue in the V. cholerae cytochrome 
cbb3 is E49IIIVc (Figure 2.1B). A second highly conserved glutamate, which might act as 
an entry point to the KC-channel, is E13IIVc in the CcoO subunit (Figure 2.1B). Site-
directed mutagenesis of each of these glutamate residues (E13IIVc and E49IIIVc) confirms 
the functional importance of E49IIIVc as the likely entry point of the KC-channel (Table 
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2.1). Steady state cytochrome c oxidase activity was reduced to 10% and 12% for the 
E49IIIVcA and E49IIIVcQ mutants, respectively, whereas the E49IIIVcD mutant remains fully 
active.  In contrast, E13IIVcA and E13IIVcQ are as active as the wild type enzyme. 
2.3.2. MD simulations  
Due to low resolution (3.2 Å), no water molecules could be detected in the crystal 
structure of P. stutzeri cytochrome cbb3 (PDB 3MK7) (13), but it was suggested that a 
water molecule might bridge E49IIIPs (E49IIIVc) and S240Ps (S244Vc) in Subunit I (CcoN). 
This is supported by our computational modeling of water molecules using the DOWSER 
program (16) (Figure 2.2). To investigate the role of E49IIIVc in proton delivery to the 
upstream portion of the KC-channel in CcoN, a series of independent MD simulations 
were performed using the P. stutzeri structure (13) as the starting model. Simulations 
were performed in a fully solvated and ionized model of cbb3 embedded in a POPE 
membrane. Over the performed 120-ns MD simulations, the overall root mean square 
distances (r.m.s.d.) of Cα atoms of CcoN residues remain below 1.5 Å. Root mean square 
fluctuations (r.m.s.f.) of individual Cα atoms of most CcoN residues range from 0.5 to 2 
Å.  Together, these indicate the overall structural stability of the protein complex during 
the simulations.  
The simulations identify a hydrated pathway leading from the cytoplasmic 
solution to the KC-channel (Figure 2.2). The pathway runs passing E49IIIVc to a polar 
cluster of CcoN that makes up the lower half of the KC-channel. The cluster consists of 
residues Y227Vc, S244Vc and N293Vc, which are linked to the enzyme active site via a 
hydrogen-bonded network formed by several polar residues and water molecules. The 
simulation results suggest that 2-3 water molecules form a bridge between E49IIIVc and 
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the polar cluster (Figure 2.2A and B). The bridging water molecules identified by the 
simulations are necessary for proton delivery from E49IIIVc to the CcoN portion of the KC-
channel, as the carboxylate side chain of this side chain is at least 5Å away from the 
hydroxyl group of S244Vc.  Figure 2.3C, depicting the distance distribution between 
these side chains, shows a large proportion of E49IIIVc Cσ−S244Vc Oγ with distances at 6-
10 Å. Note that the distance has been found to lengthen, and can even increase to 12-13 
Å, to a point at which E49IIIVc is no longer in the KC-channel.  
Also of significance is the correlation between the formation of the hydrated 
pathway at the entrance of the KC-channel and the conformation of the side chain of 
Y241Vc, which is located at the interface between the CcoN and CcoP subunits. Three 
distinct conformations were observed for this side chain, termed here “open-in” (67%), 
“open-out” (18%) and “closed” (13%).  In Figures 2.2A and B, we show the phenol ring 
of Y241Vc in “open-in” and “open-out” conformations, respectively, both allowing for the 
extension of the hydrated pathway into the KC-channel. The “open-in” conformation is 
the one observed in the crystal structure (13), and on the average makes up 67% of the 
conformations in the simulations (Figure 2.3B). The “open-out” conformation was 
observed only in one of the simulations, during which the tyrosine ring abruptly moves 
away from the KC-channel after 10 ns and protrudes toward the cytoplasmic solution and 
the CcoP subunit and does not return to the “open-in” conformation for the remainder of 
the simulation. In contrast to the “open-in” and “open-out” conformations, when the 
tyrosine ring is in the “closed” conformation, the hydrated pathway becomes disrupted 
(Figure 2.2C). In the closed conformation, a hydrogen bond forms between the tyrosine 
hydroxyl (Y241Vc OH) and the backbone amide group of V163Vc. The closed 
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conformation was observed in three of our simulations. 
Density maps in Figure 2.3, generated from the collection of all five 120-ns 
simulations, indicate a correlation between the formation of a water chain at the entrance 
of the KC-channel, and the configurations of Y241Vc and E49IIIVc. Figure 2.3A shows the 
number of water molecules at the entrance of the channel, which is at the peak of 2-3 for 
the hydrated channel. However, that number drops to 0-1 when the distance between the 
Y241Vc OH and the amide of V163Vc becomes shorter, which corresponds to the 
formation of the closed conformation of Y241Vc, as indicated by the C-Cα-Cβ-Cγ dihedral 
angle, showing a large excursion of the side chain (Figure 2.3B), and the orientation of 
E49IIIVc which is exclusively in the “downward” form (Figure 2.3C). The results suggest 
that water molecules, which exchange between the cytoplasmic solution and the KC-
channel, can form a hydrogen-bonded network to facilitate proton diffusion into the KC-
channel, and, furthermore, that Y241Vc acts as a gate, opening and closing access to the 
channel from E49IIIVc. When the gate is closed, the hydrated pathway, which can shuttle 
protons to the KC-channel, becomes disrupted. 
2.3.3. Mutagenesis of a gate-like Y241 in the KC-channel 
Y241Vc is highly conserved within the C-family of heme-copper oxygen 
reductases (~93%), and when absent it is replaced by a histidine. This suggests an 
important functional role.  To explore this, the Y241VcA/F/H/S mutants were made and 
the mutant enzymes were purified and characterized. Y241VcF has only 3% of the wild 
type activity, whereas Y241VcA, Y241VcH, and Y241VcS have no detectable steady state 
activity (Table 2.1). Surprisingly, the UV-visible absorption spectra of each of the 
Y241Vc mutants are perturbed compared to the wild type.  Figure 2.4A shows the air 
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oxidized spectra and the dithionite-reduced minus air-oxidized spectra of Y241VcF along 
with the wild type. The Soret absorption at 411 nm of the air-oxidized wild type enzyme 
is red-shifted to 412 nm to 413 nm in all the Y241VcA/F/H/S mutants (only Y241VcF 
shown in the Figure 2.4A). In addition, the shoulders on the long wavelength side of the 
absorption peak of the air-oxidized enzyme are consistent with partial reduction of heme 
c (418 nm) and heme b (430 nm).  
 
The mutants also show a more distinct peak at 552 nm, also consistent with some 
reduced heme c in the air-oxidized enzyme. The spectra of the E49IIIVcA (Figure 2.4A) 
and E49IIIVcQ mutants do not show any perturbations compared to the wild type enzyme. 
The spectroscopic perturbations observed with the Y241VcF mutants, on the other hand, 
are also observed with the Y241VcA, Y241VcH and Y241VcS mutants.  At least, part of the 
spectroscopic perturbation can be attributed to incomplete oxidation of the hemes by O2. 
2.3.4. Mutagenesis of residues lining the KC-channel 
Other residues within the KC-channel were also substituted to determine their 
phenotypes (Table 2.1 and Figure 2.1).  These included a number of residues that are 
highly conserved in the C-family oxygen reductases: T219VcA/G/S, Y227VcA/H/F, 
S244VcA/D/L, N293VcD/K/L, H247VcA/G, Y321VcA/F, T297VcD, along with several 
double mutants, S244VcA-E49IIIA, S244VcA-E49IIIQ, S244VcL-E49IIIA, S244VcL-E49IIIQ, 
S244VcD-E49IIIA, and S244VcD-E49IIIQ, and one triple mutant S240VcA-S244A-T297V. 
The S244VcA, N293VcD, and Y321VcF mutants have been previously reported (6).  Each 
of these mutant enzymes was purified and characterized.   
As reported previously (6), S244VcA is fully active.  However, the S244VcL and 
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S244VcD mutants have no detectable activity (Table 2.1).  This suggests that a water 
molecule might be able to play the role of the serine hydroxyl of S244Vc when it is 
replaced by an alanine, but not when it is substituted by a bulkier side chain residue.  The 
double mutants of various S244Vc-E49III pairs are not revealing, and have the activities 
expected based on the properties of the single mutant components of the pair. S244Vc, 
which is connected by internal water molecules to E49IIIVc (Figure 2.2), is part of the 
polar cluster comprised of N293Vc, Y227Vc and H247Vc.  The mutations at N293Vc and 
H247Vc severely inhibit enzymatic activity (Table 2.1). Y321Vc is located further up the 
KC-channel, near the active site, and also appears to be essential, as Y321VcA/F show no 
detectable activity. Also near S244Vc are two other polar residues that are also highly 
conserved, S240Vc and T297Vc.  It was previously reported that S240VcA and T297VcV are 
fully active (6), although S240VcL and T297VcD have only 17% and 8% of the wild type 
activity, respectively (Table 2.1). The triple mutant S240VcA-S244A-T297V is only 5% 
active, although all three single mutations examined are found to be fully active.  
It was also previously reported that the double mutant Y227VcF-Y228F retains 
57% activity (6).  Additional mutations Y227VcA/H/F were examined (Table 2.1), and 
were also found to retain partial activity (12%, 18%, and 52%, respectively).  The 
T219VcA and T219VcS mutants retain over 50% oxidase activity, similar to what has been 
reported for the T219VcV mutant (6).  Placing a glycine at this site (T219VcG) eliminates 
activity (Table 2.1), as previously observed for the equivalent residue in the R. 
sphaeroides enzyme (6). This residue is of interest because the equivalent of the T219VcA 
mutation in Rhodobacter capsulatus (T272RcA) severely reduces proton pumping while 
maintaining substantial activity (17). Unfortunately, it is not feasible to measure proton 
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pumping using V. cholerae cbb3.  
2.3.5. UV-visible spectra of mutations within the “polar cluster”  
The UV-visible heme spectra of the S244VcL, S244VcD, N293VcD and H247VcA 
mutants show the same perturbed features as the Y241Vc mutants (Figure 2.4A). The 
same is true for the double mutants that contain either S244VcL or S244VcD. On the other 
hand, the spectra obtained for the S244VcA, N293VcL and Y321VcF mutants are not 
perturbed compared to the wild type enzyme.  The data indicate that many, but not all 
mutations of these highly conserved residues within the KC-channel result in a 
perturbation at the enzyme active site. Whereas the mutations that result in the active-site 
perturbation are at least 20 Å from the active site (Figure 2.1), for the more proximal 
Y321VcF mutation, which eliminates enzymatic activity, the spectra of the hemes are not 
perturbed. Similarly, the spectra of the Y227VcA/H/F and T219VcA/S mutants also are 
unperturbed.    
2.3.6. Resonance Raman spectra of S244L 
Further evidence of perturbation of the active site can be found by comparing the 
resonance Raman spectrum of the S244VcL mutant and wild type.  Spectra were obtained 
for the enzymes in both the oxidized and fully reduced forms, as well as the CO adducts 
of the fully reduced enzymes (Figure 2.5). It must be kept in mind that the resonance 
Raman spectra are complicated by the presence of 5 heme groups – the low spin heme b, 
high spin heme b3 and three heme c moieties.  Nevertheless, the data clearly indicate that 
the S244VcL mutation causes structural changes at the heme sites. 
In the oxidized enzyme, the changes in the low frequency region are relatively 
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small (Figure 2.5A). In contrast, in the high frequency region (Figure 2.5B) there is a 
large change in the relative intensities of the lines at 1362 and 1373 cm-1.  These modes 
are the oxidation state marker lines (ν4) with the high frequency component reflecting 
oxidized or ligand-bound heme groups and the low frequency component corresponding 
to reduced heme groups.  The more intense mode at 1362 cm-1 in the mutant compared to 
the wild type suggests that air oxidation of the hemes is incomplete, consistent with the 
optical absorption data.  
In the dithionite-reduced enzyme, the modes in the high frequency region are very 
similar in wild type and the S244VcL mutant.  In the low frequency region, the propionate 
mode at 380 cm-1 is present, albeit weak, in the wild type but absent in the mutant.  This 
indicates that there is a change in the conformation of the heme propionates.  We attribute 
this to the heme b3 propionates as the structural changes induced by the mutation are 
likely to impact heme b3 rather than any of the other heme groups (vide infra). Several 
differences are noted between the wild type and the S244VcL mutant in the reduced CO-
derivative.  As in the reduced ligand-free enzyme, the propionate mode at 380 cm-1 is 
present in the wild type but absent in the mutant.  In addition, there is a change in the 
relative intensity of the two vinyl modes at 404 and 416 cm-1 and a very large change in 
relative intensity of the 676 and 687 cm-1 lines, which we attribute to an increase in the 
intensity of the 676 cm-1 mode.  These are assigned as the heme ν7 mode originating from 
heme b and heme c, respectively (18, 19).  These differences suggest significant 
conformational changes in the heme b environments.  It is also noteworthy that in the 
high frequency region of the spectrum there is a change in the relative intensity of the ν4 
lines (1362 and 1373 cm-1), which we attribute to an increase in the 1362 cm-1 mode.  
 40 
Initially we postulated that this difference may have originated from photodissociation of 
CO in the mutant enzyme.  However, as may be seen in the low frequency region, the Fe-
CO stretching mode (492 cm-1) has the same intensity in the mutant as in the wild type 
enzyme.  Furthermore, upon varying the incident laser intensity no change in intensity of 
the 492 cm-1 mode was noted indicating that the increase in relative intensity of the 1362 
cm-1 mode does not result from photodissociation of CO from heme b3 with the formation 
of more reduced enzyme. Rather, it is proposed that the difference results from an 
increase in the intensity of the 1362 cm-1 mode due to a conformational change in the 
mutant.         
2.3.7. CO recombination kinetics 
All of the mutant enzymes, as well as the wild type, form a CO adduct at the 
active site with the fully reduced enzyme in which CO is bound to both heme b3 and to 
one of the c-hemes, as evidenced by spectroscopic changes. Flash photolysis of the fully 
reduced CO adduct of the wild type enzyme results in biphasic recombination kinetics, 
representing a rapid component of CO binding to the heme c as observed for other cbb3 
enzymes (20) and a slower kinetic component of CO binding to the active-site heme b3. 
In Figure 2.4B, the flash dissociating CO at time zero induces a change composed of 
both an upward (heme c-CO) and downward (heme b3-CO) signal, followed by a rapid 
downwards signal within the first 200 µs in which the c-heme rebinds CO, and a slower 
upwards signal (in a few ms) where the heme b3 rebinds CO. In the Y241F and S244L 
variant cbb3, no heme b3-CO change is observed and hence only the changes from the 
heme c-CO are seen. The recombination of CO to heme b3 has been extensively studied 
in the wild type cytochrome cbb3 from P. stutzeri and has been shown to be independent 
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of the CO concentration (21).  This is because the CO photolyzed from heme b3 binds to 
the adjacent CuB and remains there until it dissociates and returns to heme b3.  Hence, 
CO-recombination is geminate rebinding from CuB so that the effects in the mutants cbb3 
might be associated with a change in the affinity of CuB for CO. 
All of the mutant enzymes that exhibit perturbed heme spectra show virtually no 
CO-recombination kinetics to the active-site heme b3 (Table 2.1). CO binds to heme b3 
and is photolyzed off, but CO-recombination is not observed because CO rebinds before 
the start of the measurement and is essentially complete in less than 1 µs following 
photolysis. The mutations are perturbing the active site, resulting in a much faster 
dissociation rate of CO from CuB and, therefore, a faster rate of recombination to heme b3 
following photolysis. This is another indication of structural perturbation at the enzyme 
active site by the mutations within the KC-channel, which correlates with the loss of 
enzyme activity, as shown in Table 2.1.   
Those mutations that do not perturb the UV-visible spectra of the hemes, namely, 
Y227VcF, Y321VcF, N293VcL, S244VcA, E13IIVcA/Q, E49IIIVcA/Q/D, S244VcA-E49IIIA, 
and S244VcA-E49IIIQ show recombination kinetics of CO identical to the wild type 
(Table 2.1). 
2.3.8. The reaction kinetics of the fully reduced enzyme with O2   
The conversion of O2 to 2 H2O is catalyzed at the heme b3-CuB active site, and 
requires the delivery of four electrons and four protons. The fully reduced cytochrome 
cbb3 is reduced by 6 electrons above the all ferric/cupric oxidized state (3 hemes c, heme 
b, heme b3 and CuB). Hence, adding excess O2 to fully reduced enzyme initially results in 
the formation of 2 H2O with 2 electrons left over, and further reaction of the partially 
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reduced enzyme with O2 may also occur. In either event, one expects to observe the 
oxidation of heme b, heme b3, CuB and one or more equivalents of heme c. The kinetics 
of the oxidation of the heme components can be monitored optically at 420 nm (mainly 
heme c), 430 nm (mainly hemes b and b3), 550 nm (heme c), and 560 nm (heme b). Since 
the reaction of O2 with the reduced enzyme is more rapid than the mixing time for 
standard stopped flow spectrophotometers, it is necessary to start the reaction by flash 
photolysis using the flow-flash procedure, as described in (22).  In this method, one 
begins with the CO adduct of the fully reduced enzyme and mixes this with O2. The 
reaction cannot proceed until CO dissociates from heme b3 at the active site, and this is 
accomplished by a laser pulse. The following reactions such as O2 binding and heme 
oxidation are then followed in time. In addition to monitoring the heme redox states, the 
same methodology can be used to monitor the kinetics of proton uptake from solution by 
the enzyme by using a pH-sensitive dye in solution and reducing the buffering capacity of 
the solution (15). 
 
The flow-flash method can only be utilized with those mutations in which the 
active site is not perturbed, since the perturbation associated with many of the KC-channel 
mutants results in a failure to observe significant CO photolysis. Besides the wild type, 
the following mutants were examined by flow-flash spectrophotometry: E13IIVcQ, 
E49IIIVcA/D and S244VcA. Some representative data are shown in Figure 2.6.  It is 
evident that mutations, which virtually eliminate steady state turnover, can still undergo 
partial reactions involved in the oxidation of the reduced hemes by O2. The following 
summarizes the results. 
i) Wild type: The oxidation of all the hemes is observed in a single phase with a 
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rate constant of k= ~3000 s-1 (τ= 0.3 ms).  Proton uptake from solution is observed to 
occur coupled to this, also with k= ~ 3000 s-1  (τ= 0.3 ms). At 430 nm, we also observe a 
faster reaction with k= ~20000 s-1 (τ= ∼50µs) which we assume is due to O2 binding, 
since a similar reaction is observed in the R. sphaeroides cbb3 with τ= 90 µs (15).  
ii) E13IIVcQ, E49IIIVcD and S244VcA: These mutants exhibit no significant 
perturbations to their spectroscopic or steady state kinetics characteristics.  The kinetics 
of heme oxidation for these three mutants is similar to that of the wild type. Similarly, the 
rates of proton uptake for E49IIIVcD and S244VcA are similar to the rates of heme 
oxidation and similar to the wild type.  
iii) E49IIIVcA: The rate of oxidation of heme b/heme b3 is similar to the wild type 
(see Figure 2.6D), but the major phase of heme c oxidation is 2 orders of magnitude 
slower and occurs with k= ~2 s-1 (τ = ~500 ms) (see Figure 2.6C). Proton uptake is 
similarly slowed compared to the wild type, and occurs also with a major phase with k= 
~2 s-1 (τ = ~500 ms). Oxidation of heme c and proton uptake are both biphasic on the 
slower timescale and occurs with an additional faster phase around k= ~20 s-1 (τ = 
~50 ms) that accounts for about 15% of the total amplitude. It should also be noted that 
the fast phase of heme c oxidation is not completely absent in this variant; it occurs 
somewhat more slowly than in the wild type with τ= ~0.7 ms and with a much smaller 
amplitude. This small fast phase is not, however, coupled to any proton uptake (see 
Figure 2.6E). 
2.4. Discussion 
Previous studies on cbb3-type heme-copper oxygen reductases (i.e., C-family 
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HCOs), including the analysis of the crystal structure of cytochrome cbb3 from P. 
stutzeri, have concluded that a single proton channel is involved in the delivery of 
protons from the bacterial cytoplasm to the active site (chemical protons) and to the 
opposite side of the membrane (pumped protons) (6, 15, 17).  The so-called KC-channel 
is defined by a series of polar residues that are conserved within the C-family HCOs, 
mostly within Subunit I (CcoN) (Figure 2.1).  Previous MD simulations (14) 
demonstrated the importance of internal water molecules in providing a bifurcated, 
continuous chain of hydrogen bonds which facilitates proton diffusion both to the active 
site and to the region of the heme b3 propionates (pumped protons).   
2.4.1. E49IIIVc as the initial proton acceptor of the KC-channel 
The previous computational modeling and MD simulations (14) did not include 
Subunit CcoP, and focused on the properties of the KC-channel starting from the cluster 
of polar residues within Subunit I (CcoN) equivalent to S244Vc, N293Vc, Y227Vc and 
H247Vc in the V. cholerae enzyme (Figure 2.1).  Furthermore, the previous simulations 
were performed in vacuum with no bulk water molecules or solvated ions, and were 
limited to a timescale of less than 10 ns. Only internal water molecules were modeled. In 
the present study, MD simulations were extensively performed (multiple independent 
simulations, each 120 ns) and the modeled enzyme was embedded in an ionized, fully 
solvated membrane, thereby allowing us to obtain improved sampling of water dynamics 
and its exchange with the surroundings. Furthermore, given the longer timescales of the 
simulations, we have been able to also sample conformational dynamics of some of 
important residues within and around the entrance of the KC-channel and their coupling 
to the hydration of the channel.  The results show the formation of a water chain that 
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connects E49IIIVc, which is exposed to the solvent on the surface of Subunit III (CcoP) 
(Figure 2.2).  This glutamate is 98% conserved and is replaced by an aspartate in the 
remaining 2% of available sequences of cbb3-type HCOs, clearly indicating the 
functional importance of an acidic side chain at this position.  Mutation of the equivalent 
residue in cytochrome cbb3 from R. sphaeroides was shown to eliminate steady state 
activity and to block proton uptake during the single-turnover reaction of the fully 
reduced enzyme by O2 (15).  Mutations of E49IIIVc of the V. cholerae cytochrome cbb3 
have virtually the same effects (Table 2.1, Figure 2.6) as the equivalent mutations in the 
R. sphaeroides enzyme, confirming that this residue is the sole entrance of the KC-
channel.  
E13IIVc in the CcoO subunit is a second highly conserved glutamate residue in a 
location, which suggests that it might function as a proton entrance to the KC-channel 
(Figure 2.1).  The MD simulations (Figure 2.2) indicate that this residue is not 
associated with the water chain that forms within the KC-channel.  Consistent with this, 
both the E13IIVcA and E13IIVcQ mutants exhibit wild type behavior (Table 2.1).  
2.4.2. Y241I  is involved in dynamic gating of protons 
The MD simulations revealed an unexpected and unique role of Y241Vc, located 
in the CcoN subunit between the channel entrance, E49IIIVc and the polar cluster of 
residues S244Vc, N293Vc, Y227Vc and H247Vc.  The side chain of Y241Vc can adopt a 
large range of rotamers and is mostly found in an “open-in” conformation which allows 
the formation of the water chain linking E49IIIVc to the polar cluster within the KC-
channel in Subunit I (Figure 2.2A and 2.2B). The existence of the “open-out” 
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one of the five simulations, and was formed irreversibly. We note that this conformation 
also allows for the formation of the hydrated channel.  Occasionally, Y241Vc swings like 
a gate and forms a hydrogen bond with the amide of V163Vc (Figure 2.2C), thereby 
blocking the formation of the water chain; a conformation we refer to as “closed”.  It is 
not known if this open/closed transition coupled to the conformational change of Y241Vc 
has any physiological significance. Nevertheless, it is obvious at this point that either the 
“open-in” or “open-out” conformations allow upstream proton transfer via the water 
chain. In addition, it is significant that when Y241Vc is in the closed conformation, the 
stability of internal water molecules within the KC-channel is reduced and the channel 
becomes dehydrated.  This provides a mechanism by which changes at the entrance of the 
KC-channel might influence the behavior of residues further up the channel. 
This gate-like function of Y241Vc is intriguingly similar to the behavior of N139Rs 
near the entrance of the D-channel in the A-family HCOs.  The entrance of the D-channel 
in the aa3-type oxygen reductase from R. sphaeroides is D132Rs, and protons are 
conveyed into the channel via a chain of water molecules (23, 24). In a “closed” 
conformation, N139I can form a bottleneck and prevent formation of the water wire 
connecting D132Rs to residues further along the D-channel (23).  Remarkably, a number 
of mutations at this position have the effect of selectively eliminating proton pumping 
while actually increasing the steady state rate of the oxidase (24). The mechanism of how 
N139Rs mutants cause this unusual phenotype is not known, although it has been 
suggested that the mutations at this site cause a conformational change at the far end of 
the D-channel near the active site (25).   
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2.4.3. Mutations of Y241Vc and the “polar cluster” result in perturbations at the 
active site  
In the current study, it is shown that mutants of the “gating residue” Y241Vc in 
cytochrome cbb3 are totally devoid of catalytic activity and that this is almost certainly 
the result of conformational changes induced at the active site. This is shown by the 
perturbations of the UV-visible spectra and also the kinetics of CO-recombination 
following flash photolysis of the CO adduct of the fully reduced enzyme. A similar 
phenotype was previously observed in studies of mutations of residues that are hydrogen 
bonded to the propionates of heme b or heme b3 (26). 
The active-site perturbations are not only caused by mutations at Y241Vc, but also 
by a number of other mutations within the KC-channel (Table 2.1).  One of these 
mutants, S244IL was examined by resonance Raman spectroscopy and perturbations were 
observed to the vibrational modes associated with the propionate and vinyl groups of 
heme b3, indicating alterations in the interaction of the active-site heme b3 with the 
surrounding protein residues.  The way in which these long-range effects are transmitted 
through the protein over a distance of more than 20 Å can only be speculated.  One clue 
may be from the MD simulations, which show that the degree of hydration of the KC-
channel is sensitive to the conformation of Y241Vc.  Possibly, the mutations that alter the 
conformation of the active site do so by changing the internal waters within the channel. 
A more likely origin of the conformational changes at the active site caused by 
mutations in residues >20Å distant is a change in the structure of Helix α7 (13).  This 
helix runs from the region of the polar cluster to the CuB binding site as shown in Figure 
2.7, and includes KC-channel residues Y241Vc, Y244Vc and H247Vc at one end and, at the 
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other end, the active-site, cross linked tyrosine Y255Vc in addition to two CuB ligands 
(H261Vc and H262Vc).  It is plausible that mutations of residues at or near the base of 
Helix α7 (shown in yellow in Figure 2.7) at the cytoplasmic surface, including Y241Vc, 
could cause changes at the active site, at the opposite end of the helix.  Most of the 
mutations of KC-channel residues that are not part of Helix α7 do not cause active-site 
perturbations (shown in green in Figure 2.7).    
2.4.4. Mutations within the KC-channel block proton access to the active site 
All of the mutations at Y241Vc and most of the mutations in the polar cluster 
(S244Vc, N293Vc and H247Vc) perturb the active site as well as largely eliminate catalytic 
function.  Direct measurement during a single turnover of any defects in proton uptake or 
proton-coupled electron transfer could not be examined with these mutants.  Several of 
the mutations studied, however, do not result in any perturbations at the active site and 
could be studied using the flow-flash technique. The major observation is that the loss of 
steady state catalytic function correlates with defects in proton uptake and in electron 
transfer reactions requiring the coupled delivery of protons to the active site.  The flow-
flash method only probes some of the partial reactions that comprise the full catalytic 
cycle, so there is no reason why complete loss of steady state activity must mean 
complete loss of any particular step making up the cycle.  
The E49IIIVc mutations have different effects on the rates of oxidation of the heme 
b/heme b3 components of the enzyme and the oxidation of the heme c components. By 
analogy with the reaction in the A-family HCOs, oxidation of the active site heme b3/CuB 
and heme b, forming intermediate “PR”, can presumably occur with no concomitant 
uptake of bulk protons (27). In the “PR” intermediate in A-family enzymes, the O-O bond 
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is broken and the proton needed for this is supplied by the cross-linked tyrosine at the 
active site.  Transfer of another internal proton to the active site corresponds to the 
formation of the “F” intermediate (28). In the A-family HCOs, the PR→F reaction can 
occur without proton uptake from solution, but in the absence of a mutation blocking the 
entrance of the D-channel, a proton is taken up during this step to reprotonate the internal 
proton source. There are two residues within the D-channel of the A-family of HCOs that 
are involved in providing internal protons to the active site (28, 29). Further reduction of 
the active site beyond the “F” intermediate requires proton uptake from bulk, both in A- 
and C-family HCOs (15), so that in the absence of the E49IIIVc, this reaction is severely 
delayed, as evidenced by the slow oxidation of heme c (Figure 2.6). Proton uptake is also 
slow in this mutant, and occurs at a rate comparable to the oxidation of heme c. This 
suggests that an internal proton within the KC-channel is used for the first phase of the 
oxidation to occur (heme b) in a single turnover, but that an external proton is required 
for the second phase of the reaction to occur.   
2.4.5. Implications for 2-subunit variants of the cbb3-type oxygen reductases 
All of the biochemically characterized cbb3-type oxygen reductases, including 
those from P. stutzeri (13), R. sphaeroides (30), R. capsulatus  (31), P. denitrificans (32), 
B. japonicum (33), R. marinus (34) and V. cholerae (35) are heterotetramers with one 
copy of each of CcoN, CcoO, CcoP and CcoQ (Subunits I, II, III and IV) (36), although 
the small CcoQ subunit is not always observed.  However, genomic sequences have 
revealed a number of 2-subunit variants of cytochrome cbb3 which consist only of 
Subunits I and II (CcoN and CcoO) (37).  This raises the question of where the entrance 
of the KC-channel is located in these variants that lack CcoP.   
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The polar residues within the KC-channel in Subunit I (CcoN) are the same in the 
2-subunit enzyme variants as for the 4-subunit enzymes versions, including Y241Vc 
which is located at the interface between CcoN and CcoP in the 4-subunit enzymes, but 
would be expected to be exposed to the cytoplasmic aqueous phase in those enzymes 
lacking Subunit III (CcoP). This tyrosine is more than 93% conserved in the cbb3-type 
oxygen reductases, with the few exceptions containing a histidine at the equivalent 
position.  Hence, tyrosine (or histidine) at the equivalent location as Y241Vc could serve 
as the actual entrance of the KC-channel in the 2-subunit versions of the enzyme. Testing 
this possibility will require the biochemical and genetic characterization of a 2-subunit 
version of cytochrome cbb3, which is currently underway.   
If Y241Vc indeed functions as the entrance of the KC-channel, it would mean that 
the function of the CcoP subunit is to extend the “electron wire” leading to the active site 
by the addition of two additional heme c “modules” to the CcoN-CcoO core enzyme, as 
well as to extend the “proton wire” by adding the E49IIIVc “module” to Y241Vc. This is 
pictured schematically in Figure 2.8. 
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2.5. Figures and Tables 
 
 
Figure 2.1. Structure of cytochrome cbb3 from P. stutzeri. (A) Ribbon structure with the 
CcoN, CcoO and CcoP in pink, green and blue, respectively. Heme b and heme b3 are 
highlighted along with the residues in the KC-channel. (B) An enlargement of the region 
showing residues in the KC-channel which are studied in this study. The structure is that 
of PDB 3MK7 from P. stutzeri (13) but the residue numbering is that from V. cholerae. 
Displayed water molecules are modeled using the DOWSER program (22) 
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Figure 2.2. Identification of a putative water-mediated proton transfer pathway at the 
entrance of the KC-channel of cytochrome cbb3 from P. stutzeri. Selected snapshots 
illustrating various degrees of hydration at the entrance of the KC-channel and Y241Vc 
conformations. (A) The “open-in” conformation is the one captured in the crystal 
structure (13) and has been observed prominently in the simulations (on the average 67% 
of Y241Vc conformations).  (B) In the “open-out” conformation (observed only in one 
simulation), the phenol ring of Y241Vc rotates out of the channel but the entrance remains 
hydrated. (C) In the “closed” state (observed in three simulations), Y241Vc forms a 
hydrogen bond with the amide of V163Vc, resulting in disruption of the hydration in this 
region, which is predicted to prevent proton conduction from E49IIIVc. (A) and (B) 
represent the “open” or water-accessible states, whereas (C) represents a “closed” or 
dehydrated state. In the open states, a continuous water pathway is formed in between 
E49IIIVc and S244Vc, which potentially allows proton delivery via the KC-channel.  
Residues are numbered according to the V. cholerae enzyme. Displayed water molecules 
are those within 3 Å of KC-channel residues. 
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Figure 2.3. Correlation between the hydration at the entrance of the KC-channel and the 
conformation of key residues in this region, captured by MD simulations. The density 
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maps were generated from the collection of five 120-ns simulations (600-ns combined 
trajectory) using MATLAB. The color bar on the right represents normalized occupancy 
levels. (A) Degree of hydration of the KC-channel entrance plotted against Y241Vc:OH–
V163Vc:N distance. As Y241Vc moves closer to V163Vc (within 4-6 Å distance), the 
number of water molecule at the entrance drops, thereby disrupting the putative water-
mediated proton pathway. (B) Y241Vc conformations. In the “open-out” conformation, 
Y241Vc is completely displaced from the entrance of the KC-channel. Simple rotations are 
required for the transitions to the “open-in” and “closed” conformations. On the average 
(done over the 5 simulations), the conformations of Y241Vc are 67% “open-in”, 18% 
“open-out” and 13% “closed”. (C) E49IIIVc orientations correlated to Y241Vc 
conformations. The E49IIIVc–S244Vc distance of 5-7 Å corresponds to the upward 
orientation of E49IIIVc, in which the side chain of E49IIIVc is oriented toward the KC-
channel. The upward orientation is captured in the crystal structure (13).  In the closed 
conformation, E49IIIVc exclusively adopts the downward orientation, in which its side 
chain is oriented towards the cytoplasmic side of the protein. The upward orientation is 
found only in the open-in and open-out conformations of Y241Vc, which form on the 
average 63% and 37% of the times, respectively. The arbitrary cutoff criteria for the 
conformations and the orientations are given as follows using these denotations: Y241I 
OH—V163I amide is denoted as “d”, Y241I C-Cα-Cβ-Cγ is denoted as “t” and E49III Cδ
—S244III OH is denoted as “r”. For Y241Vc (Y237P.s) conformations, the criteria are: 
closed: d < 5.5 Å; t > 60°, open-in: 6Å < d < 12 Å; t > 0° and open-out: d > 12 Å; t < 0°. 
For E49III orientations, the criteria are: upward: r < 7.5 Å and downward: r > 7.5 Å. 
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Figure 2.4.  Experimental evidence of the perturbation of the active site resulting from 
mutations of residues Y241, S244 and E49. (A) Optical spectra of the air-oxidized wild 
type cytochrome cbb3, the Y241VcF, S244VcL and E49IIIVcA mutants from V. cholerae. 
The inset shows the α- and β-bands of the dithionite-reduced minus-air oxidized 
difference spectra. The buffer used was 50mM sodium phosphate, 100mM NaCl and 
0.05% DDM at pH7.4. (B) CO-recombination kinetics following flash photolysis of the 
fully reduced wild type cytochrome cbb3, the Y241VcF, S244VcL and E49IIIVcA mutants, 
monitored at 430 nm. Two major phases are observed. The rapid decrease of the 
absorption and slow increase in absorbance correspond to CO recombination to the heme 
c and to the heme b components of the enzyme, respectively.  
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Figure 2.5. Spectroscopic evidence showing the perturbation of the active site by the 
S244L mutation.  Resonance Raman spectra of the S244VcL mutant in the low frequency 
(A) and high frequency (B) regions are shown in black, compared to those of the wild 
type enzyme which are shown in grey.. In the low frequency (A) region, the modes at 404 
and 416 cm−1 correspond to two vinyl modes and the modes at 676 and 687 cm-1 
correspond to the heme ν7 mode originating from heme b and heme c, respectively. In 
the high frequency (B) region, the modes at 1362 and 1373cm−1 correspond to the 
oxidation state marker lines, ν4. The dashed red lines show the location of the modes 
mentioned above in the spectra. The laser power at the sample was ~ 7 mW for the 
oxidized and reduced forms and ~ 1.5 mW for the CO adducts. 
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Figure 2.6.  Experimental evidence that the E49IIIA mutation blocks proton uptake to the 
active site.  The absorbance changes were monitored during the reaction of the fully 
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reduced wild type cytochrome cbb3 and the E49IIIVcA mutant with O2 at the following 
wavelengths. (A) 420 nm, monitoring mainly the c-type hemes, (B) 430 nm, associated 
with changes mainly at the hemes b (C) 550 nm, monitoring the oxidation of hemes c (D) 
560 nm, mainly due to the oxidation of low spin heme b and (E) 570 nm. The absorbance 
increase at 570 nm (E) is a result of alkalization due to proton uptake from aqueous 
solution . The solution contained approximately 1-2 µM reacting cbb3, 50 mM Hepes, 50 
mM KCl, 0.03% DDM and 1 mM O2 at pH 7.4 and 298K.  Results with the wild type and 
E49IIIVcA mutant are shown in black and red respectively. For the proton uptake 
measurement, the solution contained approximately 1-2 µM enzyme, 50 mM Hepes, 50 
mM KCl, 0.03% DDM, 40 µM phenol red and 1 mM O2 at pH 7.4 and 298K. The proton 
uptake traces show the difference between the traces obtained in the absence of buffer 
and those obtained after addition of buffer. The traces for the wild type and E49IIIVcA 
mutant are normalized to the sample absorbance change after 800 ms to emphasize the 
difference in rates. 
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Figure 2.7. Structure of Helix α7, starting from the polar cluster and ending at the active 
site, which contains two of the histidine ligands that coordinate to CuB (H261Vc and 
H262Vc) and the active-site tyrosine residue (Y255Vc) that forms the covalent post-
translational bond to the other CuB ligand, H211Vc (not shown).  The residues that are 
shown to perturb the heme properties and spectroscopy are shown in yellow.  The 
structure is that of PDB 3MK7 from P. stutzeri (13) but the residue numbering is that 
from V. cholerae.  
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Figure 2.8. Schematic views of the 2-subunit and 4-subunit variants of cytochrome cbb3. 
The black and red stars represent heme b and c, respectively. Subunit I (CcoN), Subunit 
II (CcoO) and Subunit III (CcoP) are shown in pink, green, and blue, respectively. The 
“Y” in the CcoN and the “E” in the CcoP represent Y241Vc and E49IIIVc, respectively. 
Natural variants of cytochrome cbb3 shown contain a) no CcoP; b) CcoP with 1 heme c; 
c) CcoP with two hemes c; d) CcoP with three hemes c. In the absence of the CcoP, the 
tyrosine in the CcoN is proposed to be the entrance of the KC-channel, whereas in the 
presence of the CcoP, the glutamic acid in the CcoP has been demonstrated (15) to be the 
entrance of the KC-channel. 
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Table 2.1. Comparison of the properties of the wild type and mutant variants of 
cytochrome cbb3 from V. cholerae1 
Mutants 
Turnover % 
(e-/sec cbb3) 
UV-visible spectrum 
(normal or perturbed) 
CO-rebinding 
property 
WT 100 (200e-/sec) Normal + 
T219IA/S 53/51 Normal N/D 
T219IG <1 Normal N/D 
Y227IA/H 12/18 Normal N/D 
Y227IF 52 Normal + 
Y241IA/H/S <1 Perturbed − 
Y241IF 3 Perturbed − 
S244IA* 100 Normal + 
S244IA-E49IIIA 3 Normal + 
S244IA-E49IIIQ 23 Normal + 
S244IL/D <1 Perturbed − 
S244IL/D-E49IIIA <1 Perturbed − 
S244IL/D-E49IIIQ <1 Perturbed − 
T297IV* 100 Normal N/D 
T297ID 8 Normal poor 
S240IA-S244IA-
T297IV 
5 Normal N/D 
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Table 2.1 (cont.) 
 
H247IA 
 
 
<1 
 
 
Perturbed 
 
 
− 
H247IG 20 Normal N/D 
N293ID* 3 Perturbed − 
N293IK 12 Normal N/D 
N293IL 7 Normal + 
Y321IA 3 Normal N/D 
Y321IF* <1 Normal + 
E13IIA/Q 96/100 Normal + 
E49IIIA/Q 10/12 Normal + 
E49IIID 102 Normal + 
 
1All residue numbers are for cytochrome cbb3 from V. cholerae.  The superscripts 
indicate mutations in subunit I (CcoN), subunit II (CcoO) or subunit III (CcoP); “*”, 
previously reported in (6).  The CO-recombination kinetics are indicated as “+”, wild 
type recombination with heme b3; “-”recombination with heme b3 is complete prior to 
data collection, so recombination is not observed; “ND”, not determined. 
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CHAPTER 3: DECOUPLING OF PROTON PUMPING 
CAUSED BY ALTERATION OF KC-CHANNEL LINKED 
TO INTERNAL PROTON TRANSFER IN THE VIBRIO 
CHOLERAE CBB3 
3.1. Introduction 
Aerobic living organisms produce the energy required for their life using the 
reactions that constitute aerobic respiration. During the final step of aerobic respiration, 
the membrane-bound enzymes called heme copper oxygen reductases (HCOs) reduce 
oxygen molecule to water, and couple the excess energy in this exergonic reaction to 
proton pumping reactions that produce and maintain a transmembrane electrochemical 
proton gradient. This process generates a proton motive force that is eventually used by 
ATP synthase to produce ATPs. For both the O2 reduction reaction and proton pumping, 
protons are transferred through proton input pathways, which are composed of a 
combination of polar residues and conserved internal water molecules, from cytoplasmic 
surface to deep into the enzyme at the active site. Based on the conserved amino-acids of 
the proton channels, HCOs are divided phylogenetically into three major families: the A-, 
B- and C-families (1, 2). A-family HCOs, the most abundant among the HCO 
superfamily members, are found in prokaryotes, archaea and eukaryotes, whereas the C-
family HCOs, evolutionarily quite distant from the A-family HCOs, are only found in 
prokaryotes including a number of pathogens.  
The electrons for the O2 reduction in the A-family HCOs are transferred from the 
periplasmic side by soluble cytochromes c to the CuA site in subunit II, and then to the 
dinuclear catalytic site composed of high spin heme a-CuB, via a low-spin heme a in 
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subunit I. Previous studies have established that the A-family HCOs utilize two distinct 
proton channels, D- and K-channels, where the D-channel is used for all pumped protons 
and most of substrate protons, while the K-channel is only responsible for the transfer of 
1-2 substrate protons during the reductive phase of the catalytic cycle before O2 binding 
(3). The D-channel starts from D132 at the N-side surface of the enzyme and ends at 
E286 near the active site. It has been shown that E286 is a branch point at which protons 
are transferred either to the active site for oxygen reduction or to the proton loading site 
for proton pumping (4-9). Mutating E286 to asparagine (E286N) resulted in blockage of 
the catalytic cycle at the PR state (6), whereas the mutation D132N abolished proton 
uptake from the bulk solution but allowed the reaction to proceed from P state to the F 
intermediate, suggesting that the proton necessary for the PR to F transition comes from 
an internal donor, E286, without proton uptake from the bulk solution (10). Furthermore, 
the internal proton donor E286 has been suggested to be conformationally linked to the 
lower region of the D-proton channel around N139 (4, 8, 11).  
 The reaction of fully reduced (R) cytochrome aa3 oxidase (A-family) with O2 has 
been investigated by the flow-flash technique, and the results suggest a sequence of 
intermediates that are associated with various proton transfer steps. In the flow-flash 
experiment, the fully reduced enzyme with CO bound to the binuclear active site is mixed 
with O2-rich buffer and the reaction is initiated by photo-induced dissociation of CO with 
a laser flash. O2 binds to the reduced heme a3 with a time constants of ~ 10 µs forming 
the O2 adduct called the A intermediate. The O-O bond is then reduced by the electrons 
from the binuclear center and heme a, forming the peroxy (Pr) intermediate with a time 
constant of ~ 30 µs (12). In the subsequent reaction step, the ferryl (F) intermediate is 
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formed by an internal proton transfer with a time constant of 100 µs, and this step is 
linked to proton pumping (13). Particularly, the formation of the ferryl (F) intermediate 
involves a two-step proton transfer through the D-proton channel: proton transfer from 
the internal proton donor E286 to the catalytic site, followed by rapid proton uptake 
through the D-channel from the aqueous solution that reprotonates E286 (8). The F 
intermediate is further reduced with a time constant of ~1ms to form the oxidized (O) 
intermediate by transferring the electron from CuA together with a second proton uptake 
from the aqueous solution. The Fà O reaction is also linked to proton pumping across 
the membrane (14, 15).  
Despite the homology in subunit I including the common active site (high spin 
heme-CuB) where O2 is reduced to water in subunit I (CcoN in the C-family), the C-
family HCOs exhibit distinct differences in both electron and proton transfer pathway 
compared with the A-family HCOs (16-18). In the C-family, electrons are initially 
transferred by soluble cytochromes c (electron donor) from the periplasmic side to the 
low-spin hemes c in CcoP and then sequentially to another heme c in CcoO (19). The 
electrons are eventually delivered to the active site (high spin heme b-CuB) via low-spin 
heme b in CcoN. Unlike the two proton uptake pathways, the D- and K-channels, in the 
A-family, there is only one proton uptake channel in the C-family, spatially equivalent to 
the K-channel in the A-family, called the KC-channel. However, they are not homologous 
(1, 2, 20). Surprisingly, protons for both proton pumping and the O2 reduction chemistry 
are transferred through the KC-channel (18). Due to its relatively complicated structure, 
less is known about the proton transfer mechanism in the C-family HCOs compared with 
the well-studied A-family HCOs. 
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Recent studies have demonstrated that the KC-channel of the C-family HCOs 
starts from a negatively charged E49III in CcoP (subunit III), and connects to the polar 
residues of the KC-channel in CcoN (subunit I) and further up to Y321 near the active site 
via internal water molecules (19, 21, 22). Time-resolved spectroscopy of the site-directed 
mutations of this glutamic acid residue from the Vibrio cholerae cytochrome cbb3 
(E49IIIA) and Rhodobacter sphaeroides cytochrome cbb3 (E25IIIA) demonstrated that the 
proton uptake rate was severely inhibited (τ= ~500 ms in E49IIIA) resulting in the 
consequent delay in heme c oxidation (21, 22). Similar to D132N in the cytochrome aa3 
from R. sphaeroides, E49IIIA retains rapid oxidation of heme b (corresponding to electron 
transfer from heme b to heme b3) with time constant of τ= ∼0.3 ms (10, 22). 
In the present study, we show that the mutation N293L decelerates both the first 
phase (heme b) and the second phase (heme c) oxidations, resulting in uncoupling of 
proton pumping from the O2 reduction reaction. The results suggest that proton transfer 
from the internal proton donor to the active site is rate-limiting for proton uptake from the 
bulk solution to the active site in the C-family HCOs. Furthermore, the observations that 
the mutations of N293 in the KC-channel affect the structure and/or pKa of the internal 
proton donor near the active site indicate linkage between the N293 region and the 
internal proton donor. Our data also demonstrate that the strict geometry of conserved 
key residues (especially, E49) in the entrance of the KC-channel is required for fast 
proton uptake from the bulk solution to the active site of the C-family HCOs.  
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3.2. Material and Methods 
3.2.1. Site-directed mutagenesis and purification of cbb3 oxidase 
The mutations were constructed using QuikChange site-directed mutagenesis kits 
from Stratagene. DNA oligonucleotides were synthesized at Integrated DNA 
Technologies. Sequence verification of the mutagenesis product was performed at the 
Biotechnology Center at the University of Illinois at Urbana-Champaign. The expression, 
purification, and characterization of the V. cholerae cbb3 wild type and mutants were 
performed as previously described (20, 22). 
3.2.2. Steady-state activity 
Steady-state activity was measured with a YSI model 53 oxygen monitor. For the 
TMPD oxidase activity, the reaction mixture contained buffer (50 mM NaPi, 100 mM 
NaCl and 0.05% DDM at pH 6.5), 10 mM ascorbate and 500 µM TMPD as previously 
described (22). The pH dependence of the TMPD enzyme activity displays only data 
between pH 6.5 and pH 9.0 since below pH 6.5 the enzyme activity was decreased. For 
the measurement of cytochrome c enzyme activity, the cytochrome cbb3 wild type and the 
NOQPX were tested respectively using 20 mM ascorbate in combination with either 50 
µM of the V. cholerae cytochrome c4 or 50 µM of the CcoPsol under the same buffer 
conditions as for the TMPD enzyme activity assay.  
3.2.3. Reconstitution of the V. cholerae cbb3 enzyme and ATP synthase into 
phospholipid vesicles 
Reconstitution of the V. cholera cbb3 and ATP synthase into liposomes were 
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prepared by mixing lipid vesicles with sodium cholate, the V. cholera cbb3 and ATP 
synthase. After incubation, the sodium cholate was removed by gel filtration (PD-10 
column), yielding a bilayer-embedded enzyme complex.  
3.2.4. Proton pumping and ATP synthesis 
Turnover of the V. cholera cbb3 oxidase was initiated on addition of the electron 
donors ascorbate and PMS. This reaction creates a proton motive force across the 
membrane resulting in synthesis of ATP, which is monitored in a luminometer using a 
luciferin/luciferase system (23). The light intensity increased linearly with time meaning 
continuous production of ATP and upon addition of KCN (HCOs inhibitor), the reaction 
was impaired. ATP synthesis driven by proton pumping by oxidase can only occur when 
tight and intact vesicle is formed.  
3.2.5. CO-Flash-Photolysis  
The enzyme samples were prepared as previously described (22). Briefly, the 
enzyme at a concentration of ~5 μM was transferred to a modified anaerobic cuvette and 
the atmosphere was exchanged to N2 on a vacuum line. The enzyme was completely 
reduced by addition of 2 mM ascorbate and 2 μM phenazine methosulphate (PMS). 
Then, N2 was exchanged for CO so that anaerobic incubation in CO results in formation 
of fully reduced CO-bound cbb3 oxidase. The CO-ligand was photolyzed by a 10 ns laser 
flash at 532 nm (Brilliant B, Quantel), followed by detection of absorbance changes by an 
apparatus from Applied Photophysics (25).  
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3.2.6. Flow-Flash measurements 
Flow-flash Measurements were performed using a modified stopped-flow 
apparatus (Applied Photophysics, Surrey, U.K.) and data analyzed as described in (21, 
22). The enzyme solution (50 mM Hepes, 50 mM KCl, 0.03% DDM and 50 µM EDTA 
at pH 7.4) was rapidly mixed in a 1:5 ratio with an O2-saturated buffer, and the reaction 
with O2 was initiated by flash photolysis of the CO-enzyme complex approximately 200 
ms after mixing. The kinetics was monitored optically as absorbance differences at single 
wavelengths. The flow-flash experiments were also performed at different pH values (pH 
6 and 9). Buffer conditions: 50mM MES-OH, 100mM KCl and 0.5% DDM for pH6.0 
and 50mM CHES-OH, 100mM KCl and 0.5%DDM for pH9.0. The proton uptake 
measurement during the reaction of the fully reduced cbb3 with O2 was performed as 
described in (22, 27) 
3.3. Results 
In the C-family HCOs, a highly conserved N293I forms polar cluster with S244 
and Y227 located above the entrance (E49 III) of the KC-channel (Figure 3.1). In order to 
investigate the effect of changes of the KC-channel on proton transfer mechanism, each of 
N293D/L mutants along with double mutants of various N293I-E49III pairs were prepared 
(Table 3.1) and characterized.  
3.3.1. CO-recombination kinetics  
As reported previously, the perturbations in UV-visible spectra and CO-
recombination kinetics observed with the N293D mutant were not observed with the 
N293L mutant (22). 
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3.3.2. The reaction kinetics of the fully reduced enzyme with O2  
The kinetics of oxidation of heme components, which are associated with electron 
and proton transfer reactions, were monitored optically at specific wavelengths after a 
short laser flash dissociated the photolabile CO from the CO-adduct of the fully reduced 
cytochrome cbb3. The oxidation of the fully reduced enzyme, which is reduced at all six 
redox centers (heme b3 and CuB in the active site, heme b in CcoN, 1 heme c in CcoO and 
2 hemes c in CcoP) results in the reduction of O2 to 2 H2O along with the oxidation of 
hemes. Previously, we have shown that the E49A mutation slows proton uptake through 
KC-channel and the oxidation of heme c, whereas the oxidation of heme b remained 
unchanged compared to wild-type (22). Like E49A, N293L displayed the slow oxidation 
of heme c with a rate constant of 824 s-1 (τ=1.2 ms) compared with the wild type (k=3000 
s-1) (Figure 3.3C). However, N293L exhibited slower oxidation of heme b with a rate 
constant of 691 s-1 (τ=1.45 ms) (Figure 3B and 3D) than that observed with the wild type 
(k=3000 s-1). This result suggests that the N293L mutation inhibits an internal proton 
transfer to the active site that couples to the oxidation of heme b responsible for electron 
transfer to the active site. 
3.3.3. PH dependence of the rate of heme oxidation upon alteration of N293  
The kinetics of the heme oxidations during the reaction of the fully reduced 
cytochrome cbb3 with O2 was investigated at pH 6, 7.5 and 9 (Figure 3.4). No pH 
dependence was observed in the wild type in the measured range.  On the other hand, in 
N293L the rate of heme oxidations decreased with increasing pH, (k(pH 6)=1155 s-1; 
k(pH 7.5)=824 s-1; k(pH 9)=529 s-1), indicating that, compared to wild-type enzyme 
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whose apparent pKa value appears to be above pH 9.0, the apparent2 pKa of the mutant is 
shifted to below pH 9.0.   
3.3.4. Proton Uptake  
Proton uptake was investigated by measuring absorbance changes of a pH-
sensitive dye, phenol red (pH 7.4) or m-cresol red (pH 8.0) at 570 nm. At pH7.4, proton 
uptake with N293L was slower compared with the wild type (k=3000 s-1) and occurred on 
a similar timescale (k=848 s-1; τ=1.2 ms) to the slowed heme b and c oxidation. In 
addition, the amplitude of proton uptake in the first phase is about 20% of that observed 
for the wild type (Figure 3.5). At pH 8.0, proton uptake with N293L occurred more 
slowly with k=500 s-1 (τ=2 ms). This result is consistent with the pH dependence of heme 
oxidations with N293L indicating a lower pKa of the internal proton donor.  
3.3.5. Proton Pumping  
Proton pumping by the V. cholerae cbb3 enzymes was measured after 
reconstitution of cbb3 together with ATP synthase in liposomes. The enzyme reaction of 
cbb3 was initiated upon addition of the electron donor PMS and ascorbate. Proton 
pumping establishes a proton motive force across the membrane, consequently resulting 
in synthesis of ATP by ATP synthase. It was shown that formation of ATP could be 
monitored continuously in a luminometer using a luciferin/luciferase system, where the 
light intensity increased linearly with time indicating that ATP was being produced 
continuously (23). In Figure 3.6, the increase in ATP synthesis is observed with the 
cytochrome cbb3 wild type and impaired upon addition of potassium cyanide (KCN), 
inhibitor of HCOs. On the other hand, N293L, which shows 7~10 % of the wild type 
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activity, exhibited no ATP synthesis upon addition of PMS implying that proton pumping 
is impaired.  
3.3.6. Mutagenesis of N293-E49 pair in the KC-channel  
To evaluate whether N293 (located 8Å from E49) and E49 (which is the entrance 
of K-channel at the surface of enzyme) are functionally interdependent, we created 
double mutants N293L-E49IIIA, N293L-E49IIIQ, N293D-E49IIIA and N293D-E49IIIQ, 
and compared the results with the corresponding single mutants. As previously reported, 
N293D and N293L have 3% and 7% of the wild type activity, respectively (Table 3.1). 
The double mutants of various N293-E49III have the activities expected based on the 
properties of the single mutant components of the pair; N293L-E49IIIA and N293L-
E49IIIQ showed 9% and 3% of WT enzyme activity, respectively, whereas the N293D-
E49IIIA and N293D-E49IIIQ had no detectable enzyme activity, thereby indicating the 
functional independency of residues E49III and N293 (Table 3.1).  
In addition, the double mutants containing N293D barely showed CO-
recombination kinetics to the active-site heme b3 (Figure 3.2). On the other hand, the 
double mutants of N293L (N293L-E49A and N293L-E49Q) exhibit normal CO-
recombination kinetics. Figure 3.3 displays the oxidation of the fully reduced reactions 
of N293IL, N293IL-E49IIIA and E49IIIA variants with O2. The double mutants, N293IL-
E49IIIA and N293IL-E49IIIQ (not shown) that resulted from the addition of entrance 
mutants (E49III) to N293L, show slower oxidation of heme b as well as heme c than those 
of single mutant E49A.  
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3.4. Discussion 
3.4.1. Internal proton transfer and proton uptake  
The KC-channel begins on the cytosolic side at the negatively charged E49III in 
CcoP (subunit III), and is connected via internal water molecules to the polar residues 
(S244, Y227 and N293) in CcoN (subunit I) (22). Thus, mutations at E49 (E49IIIA) 
affected the proton uptake by severely slowing it down, consequently causing a delay in 
the the oxidation of heme c, the second phase of the single turnover reaction of the fully 
reduced enzyme with O2 (22). However, E49IIIA does not affect the rapid oxidation of 
heme b despite the blockage of the KC-channel entrance, indicating that an internal proton 
(within the KC-channel) is delivered to the active site to allow the first phase of oxidation 
to occur (the oxidation of heme b), prior to proton uptake from the bulk solution. Indeed, 
N293L exhibited slower heme b oxidation (> 5 ms) (Figure 3.3) and consequent delay in 
proton uptake from the bulk solution and the oxidation of heme c. Similar to the A-family, 
the cytochrome cbb3 (C-family) displays a two-step proton transfer mechanism: an 
internal proton transfer to the active site coupled to initial electron transfer from heme b 
to the active site, and an external proton transfer from cytoplasmic side to replace the 
internal proton. Here, it is suggested that the low turnover of N293L mutant results from 
perturbations to a protonatable residue that performs as the source of the internal proton. 
Previous studies with the R. sphaeroides aa3 enzyme (A-family) demonstrated that the PR
→F reaction involves a two-step proton transfer within the D-channel, where a proton 
transfer from internal proton donor, E286, to the active site is followed by rapid 
reprotonation of the donor from the bulk solution (8). Thus, the PR→F reaction can occur 
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using a proton from the internal proton donor (E286), although proton uptake from 
solution is impaired when the entrance of the D-channel is blocked (D132N) (10). 
3.4.2. Conformational link between the KC-channel and the active site  
Notably, N293, whose structural alteration affects the pKa of the internal proton 
donor in the vicinity of the active site, is located ~20Å away from the active site (Figure 
3.1). Not surprisingly, it was shown that some key residues in the lower-region of the KC-
channel are conformationally linked to the active site via a hydrogen bonded chain of 
water molecules or helix-α7 (22). The fact that the alteration of CO-recombination to the 
active site is observed when the negative charge is introduced in N293 (N293D) clearly 
suggests that the electrostatic change around N293 in the KC-channel is tightly linked to 
the conformation of the internal proton donor (X-) and/or the active site heme. The 
coupling between proton uptake at the heme-copper active site and electron transfer 
between hemes has been proposed to be of electrostatic nature (14).   
3.4.3. pH dependence of the rate of heme oxidation and proton uptake  
The wild type cbb3 from V. cholerae displayed a pH independent rate of the heme 
b and c oxidations, and proton uptake in the range between pH 6.0 and 9.0, whereas the 
rate of the first phase of the oxidation (heme b) with N293L decreased with increasing 
pH. Because the observed rate of the PàF transition depends on the protonation state of 
the internal proton donor, the change in the apparent pKa value is a most likely reflection 
of the change in internal proton transfer to the active site. Thus, our results indicate that 
the internal proton donor in WT has a high pKa and is at least partially protonated up to 
pH 9. On the other hand, the N293L mutant displays a lower apparent pKa than that 
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observed with the wild-type enzyme implying that the internal proton donor is not 
capable of being protonated in the same pH range as for the WT. Thus, in N293L, the 
proton is not readily transferred from the internal proton donor to the active site for the 
first phase of enzyme reaction, thereby blocking proton pumping. This is another 
indication of the conformational connection between the N293 region and the internal 
proton donor (X-) that regulates proton pumping in the C-family HCOs (Figure 3.8). 
Previously, it has been shown in the cytochrome aa3 from R. sphaeroides that the change 
in the apparent pKa of E286 reflects a change in the conformation of E286, probably due 
to a change in the electrostatic field induced by mutations of N139 located in the lower 
region of the D proton channel (8), and results in the uncoupling of proton pumping from 
O2 reduction (4, 24).   
3.4.4. Importance of proper positioning of polar residues in the KC-channel  
Prior research has shown that the acidic group of E49 in subunit CcoP is required 
for fast proton uptake (21, 22). Likewise, mutation of the acidic residue D132 to 
asparagine (D132N) at the entrance of cytochrome aa3 from R. sphaeroides revealed the 
critical role it plays during proton uptake (10). Interestingly, the charge swap mutant 
(D132N-N139D) in cytochrome aa3 (A-family), which moves the negative charge up the 
channel from D132 to N139, restores proton pumping to near wild-type values compared 
(10, 25). On the basis of those results from A-family, it was speculated that the charge 
swap mutant, N293D-E49IIIQ, in cytochrome cbb3 would restore enzyme activity. 
However, the double mutant, N293D-E49IIIQ, is completely devoid of enzyme activity 
despite the compensation of the negative charge in vicinity of the entrance of the KC-
channel. This indicates that proper positioning of the conserved residues N293, which is 
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linked to the internal proton donor, and a negatively charged entrance E49 is required for 
fast proton transfer. This is consistent with the results from our earlier MD simulations, 
which demonstrated that an optimal arrangement of hydrogen bonded network consisting 
of water molecules and highly conserved polar residues in the KC-channel facilitates 
efficient proton translocation (Figure 3.1). 
3.4.5. The scheme of the catalytic cycle  
A scheme of the proposed reaction steps is shown in Figure 3.7 based on flow 
flash measurements of the V. cholerae cytochrome cbb3 (C-family). The R state is fully 
reduced and contains 2 electrons in the active site and another 4 electrons in low spin 
hemes b and c. After dissociation of CO from the active site upon photolysis, O2 binds to 
the active site producing a ferryl-oxo intermediate, which is historically called the 
peroxy-intermediate (the P state) (12). Next, the first phase of the oxidation is initiated by 
the electron transfer from heme b to the active site (oxidation of heme b) with a rate 
constant of 3*103 s-1 (22), coupled to the internal proton transfer from the internal proton 
donor (X-) near the active site to the active site. This results in transition the reaction to 
the F state followed by an immediate external proton uptake through E49 at the entrance 
from the bulk solution, which drives the second kinetic phase associated with oxidation 
of heme c. Finally the reaction finishes by transitioning to the O state, where the 2 hemes 
and the active site are all fully oxidized. 
Footnotes:  1Superscripts are used throughout the text to denote the subunit and 
bacterial species for residues and mutations in the various cytochrome cbb3 variants.  
Unless otherwise indicated, residues/mutations are in subunit I or CcoN.  The superscript 
“II” denotes the residue/mutation is in subunit II or CcoO; “III” denotes the 
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residue/mutation is in subunit III or CcoP; “Vc”, “Ps” and “Rs” indicate Vibrio 
cholerae, Pseudomonas stutzeri and Rhodobacter sphaeroides, respectively. 
2As reported previously, the pKa is referred to as “apparent pKa” because it is 
determined from the pH dependence of the kinetics and they may therefor not be the true 
equilibrium values of a specific group. However, we assume that a change in the apparent 
pKa upon mutation of a specific group reflects changes in the pKa of that group (or 
groups in the vicinity) (26).  
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3.5. Figures and Tables 
 
 
Figure 3.1. Structure of cytochrome cbb3 from P. stutzeri. (A) Ribbon structure with the 
CcoN, CcoO and CcoP in pink, green and blue, respectively. Heme b and heme b3 are 
highlighted along with the residues in the KC-channel. (B) An enlargement of the region 
showing residues, (N293I and E49III) in the KC-channel which are studied in this work. 
The structure is that of PDB 3MK7 from P. stutzeri (19) but the residue numbering is that 
from V. cholerae.  
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Figure 3.2. (A) Optical spectra of the dithionite-reduced minus-air oxidized difference 
spectra with wild type cytochrome cbb3, N293VcD and N293VcL mutants from V. 
cholerae. The buffer used was 50mM sodium phosphate, 100mM NaCl and 0.05% DDM 
at pH7.4. (B) CO-recombination kinetics following flash photolysis of the fully reduced 
wild type cytochrome cbb3, the N293D and N293L mutants, monitored at 430 nm. The 
rapid decrease of the absorption and slow increase in absorbance correspond to CO 
recombination to the heme c and to the heme b components of the enzyme, respectively. 
Experimental conditions: 4 to 5 µM enzyme, 50 mM Hepes, 50 mM KCl, 0.03% DDM, 3 
µM PMS, 3mM ascorbate, ~ 100 µM dithionite and 1 mM CO2 at pH 7.4 and 298K.   
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Figure 3.3.  Reaction of the fully reduced wild type, the N293L, N293L-E49A and E49A 
mutant with O2. The absorbance changes were monitored at (A) 420 nm, (B) 430 nm, (C) 
550 nm, representing oxidation of heme c (absorbance decrease) and (D) 560 nm, mainly 
representing the oxidation of low spin heme b (absorbance decrease). The solution 
contained approximately 1-2 µM reacting cbb3, 50 mM Hepes, 50 mM KCl, 0.03% DDM 
and 1 mM O2 at pH 7.4 and 298K.   
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Figure 3.4.  Reaction of the fully reduced wild type cytochrome cbb3 and the N293L 
mutant with O2 at different pH values. The absorbance changes were monitored at (A) 
420 nm, (B) 430 nm, (C) 550 nm and (D) 560 nm. The solution contained approximately 
1-2 µM reacting cbb3 , 50 mM Hepes, 50 mM KCl, 0.03% DDM and 1 mM O2 at pH 7.4 
and 298K.   
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Figure 3.5. Uptake of proton from solutions during the reaction of the fully reduced wild 
type cytochrome cbb3 and the N293L mutant with O2 at different pH values. The 
absorbance increase at 570 nm is a result of alkalization due to proton uptake from 
aqueous solution. Results with the wild type, N293L at pH7.4 and at pH8.0 mutant are 
shown in black, green and blue, respectively. For the proton uptake measurement, the 
solution contained approximately 1-2 µM enzyme, 50 mM Hepes, 50 mM KCl, 0.03% 
DDM, 40 µM phenol red (for pH 7.3) or cresol red (for pH 8.0) and 1 mM O2 at pH 7.4 
and 298K. The proton uptake traces show the difference between the traces obtained in 
the absence of buffer and those obtained after addition of buffer.  
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Figure 3.6. Measurement of ATP synthesis after co-reconstitution of cytochrome cbb3 
and ATP synthase into liposome. (A) Luminometer measurements described in a text. 
Indicated are the additions during the experiment. (B) ATP synthesis rates shown after 
additions. 
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Figure 3.7. A reaction cycle of cytochrome cbb3: the PàF transition. In the flow-flash 
experiments, a reaction cycle of HCO enzyme starts with fully reduced state (R). After O2 
binds to heme b3 and the reaction proceeds through the P state. During the PàF 
transition a proton is initially transferred from an unknown internal proton donor (X-H+) 
to the binuclear center and the unknown proton donor (X-) is rapidly reprotonated by E49-
H+. In the same step, there is electron transfer from heme b to the active site. After 
reprotonation of X-, the electron is transferred from heme c to heme b. The b, c and bc 
represent heme b, c and binuclear center, respectively. X-H+ and E49-H+ denote unknown 
internal proton donor and the entrance of the KC-channel, respectively. The “P”, “F”, “O” 
and “R” represent peroxy, ferryl, oxidized and reduced intermediate, respectively.  
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Figure 3.8. Scheme of the proposed proton transfer mechanism of cytochrome cbb3. The 
b, c and bc represent heme b, c and binuclear center, respectively. X-H+ and E49-H+ 
denote unknown internal proton donor and the KC-channel entrance, respectively. Proton 
and electron transfers are shown with red (solid) and blue (dotted) arrows, respectively. 
The first proton is internally transferred from the unknown proton donor (X-H+) to the 
binuclear center (1). The X- is immediately reprotonated by E49-H+ through the KC-
channel. A proton using the same KC-channel is transferred to a proton loading site, 
which is located near the active site, for proton pumping (4). The internal proton transfer 
to the binuclear center is coupled to electron transfer from heme b to b3. The 
reprotonation of X- drives electron transfer from heme c to heme b3. Because structural 
alterations in N293 (N293L) cause the pKa and/or conformational change of the internal 
proton donor, the internal proton transfer (1) and the following proton uptake is slowed. 
In addition, the coupled electron transfer is also inhibited when the proton transfer to the 
binuclear site is blocked. Consequently, the alteration of the internal proton donor results 
in uncoupling of the O2 reduction reaction from proton pumping.  
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Table 3.1. Comparison of the properties of the wild type and mutant variants of 
cytochrome cbb3 from V. cholerae1 
 
 
1All residue numbers are for cytochrome cbb3 from V. cholerae.  The superscripts 
indicate mutations in subunit I (CcoN) or subunit III (CcoP); “*”, previously reported in 
(22).  The CO-recombination kinetics are indicated as “+”, wild type recombination with 
heme b3; “-”recombination with heme b3 is complete prior to data collection, so 
recombination is not observed; “ND”, not determined.  
 
Mutants 
Turnover % 
(e-/sec cbb3) 
CO-rebinding 
property 
WT 100 (200e-/sec) + 
E49IIIA* 
 10 + 
E49IIIQ* 12 + 
N293IA 4 N/D 
N293IL* 7 + 
N293ID* 3 − 
N293IL-E49IIIA 9 + 
N293IL-E49IIIQ 5 + 
N293ID-E49IIIA <1 − 
N293ID-E49IIIQ <1 − 
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CHAPTER 4: ROLE OF CONSERVED KEY TYROSINE 
RESIDUES IN THE K-CHANNEL IN B- AND C-FAMILY 
HEME-COPPER O2 REDUCTASES  
4.1. Introduction 
The heme-copper oxygen reductases (HCO) contribute for aerobic respiration by 
generating a transmembrane electrochemical proton gradient that is used for production 
of ATP by ATP synthase. All HCOs catalyze the reduction of O2 to water, and conserve 
the excess energy of this reaction by pumping protons across the membrane against their 
gradient to generate an electrochemical proton motive force. HCOs are structurally and 
biochemically diverse in terms of their subunit composition, heme cofactor content, 
electron donor, proton/electron stoichiometry and O2 affinity. A classification, based on 
common features of the core subunits and key residues in proton transfer pathways, 
defines three major HCO families, the A-, B- and C- families (1). The A-family is the 
largest, to which mitochondrial cytochrome c oxidase belongs. The B-family HCOs (e.g. 
cytochrome ba3 from Thermus thermophilus) are present only in bacteria and archaea, but 
not in eukaryotes. The C-family HCOs (i.e. cytochrome cbb3), which are present only in 
bacteria, are considered to represent the most distant member of HCOs from the A-family 
(2).  
Crystal structures of the A-, B- and C- family HCOs share the same topology of 
their catalytic subunit where O2 reduction reaction occurs, which includes a conserved 
binuclear center consisting of a high spin heme and a Cu atom (CuB), and a catalytic 
tyrosine residue covalently linked to a histidine ligand of CuB (3). The HCO families 
require a proton input channel from the cytoplasmic side leading to the active site (for O2 
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reduction chemistry) and to the periplasmic side of the membrane (for proton pumping) 
so as to efficiently transfer protons. Generally, proton transfer in proteins follows the 
Grotthuss mechanism, which involves structural rearrangements of hydrogen bonding 
networks formed by polar residues and water molecules (4-7). Although most polar 
residues comprising proton channels are located in subunit I, each HCO family presents a 
different number of such channels, and varying composition in terms of amino acid 
residues and number of water molecules, indicating diverse proton transfer mechanisms 
among the HCO superfamily. 
 The A-family HCOs contain two proton input channels called the D-channel and 
K-channel, whereas both the B- and C-family HCOs contain only one functional proton 
channel that is spatially analogous to the K-channel of the A-family HCOs (8). The B- 
and C-family enzymes have been shown to pump protons with a lower stoichiometry of 
one proton per two electrons (0.5H+/1e-) compared to the A-family HCOs with a 
stoichiometry of one proton per one electron (1H+/1e-) (9). This indicates that there is a 
correlation between using only one proton channel and pumping fewer protons (9). The 
lack of the D-channel in the B- and C-family HCOs might be related to their higher O2 
affinity, because the putative pathways for O2 in the B- and C-family enzymes overlap 
with the position of the hydrophilic D-channel in the A-family HCOs that work under 
higher O2 conditions (10, 11).  
The properties of the proton channels in each HCO family are phylogenetically 
distinct from each other and, despite being spatially equivalent, residues lining the K-
proton channel in the B-and C- families of HCOs are not identical to that of the A-family 
HCOs (12). The conserved lysine residue of the A-family HCOs (K362Rs of R. 
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sphaeroides aa3) is not present in the B-and C-family HCOs (13). The KB- and KC-
channels are composed of an extended network of polar residues, whereas the KA-channel 
of the A-family consists of relatively fewer polar residues, where proton transfer would 
require long-range conformational motions of the K362Rs side chain. These differences 
suggest that structural modifications of these key residues might provide important 
insights for understanding the detailed proton transfer mechanisms in each family. 
Functions of the proton channel residues in the A- and B-family HCOs have been studied 
multiple times, whereas several residues along the KC-channel of the C-family HCOs 
remain to be elucidated. 
Likewise, key residues in the D-channel of the A-family HCOs are not found in 
the K-proton channels of the B- and C-families of HCOs (6). Particularly, a glutamic acid 
(E286 in R. sphaeroides aa3 oxidase), located at the end of D-channel of the A-family 
HCOs, has been suggested to be essential for the enzyme reaction: E286 shuttles protons 
to either to the active site or the pumped site (14-16) and/or functions as a valve that 
prevents proton back-leak (17, 18). However, despite its functional importance, this 
glutamic acid residue is absent in the B- and C-family HCOs. Instead, evolutionarily 
conserved Y321Vc, positioned close to the active site of the C-family HCOs, has been 
shown to be a putative branch point for proton transfer in the KC-channel (12, 19, 20). 
The conserved Y321Vc in the C-family HCOs was also found in the spatially equivalent 
position Y244Tt of the KB-channel from the Thermus thermophilus ba3 (10). In addition, 
there is only one phylogenetically conserved residue between the proton channels of the 
B- and C-family HCOs: Y227Vc in the Vibrio cholerae cbb3 and Y248Tt in the T. 
thermophilus ba3 that are important for the enzyme reaction (19, 21). Considering 
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phylogenetic and functional importance of these two tyrosine residues (Y227Vc and 
Y321Vc) shared in K-channels of B- and C-family HCOs, structural modifications of 
these key residues might provide important insights for understanding the detailed proton 
transfer mechanisms in each family.  
Previous studies have shown that Y227F retains 50% enzyme activity, whereas 
Y321F is inactive with <3% enzyme activity (12, 19, 21, 22). In this study, we report that 
the kinetics of the fully reduced enzymes with O2 shows that proton uptake in Y227VcF 
occurred only slightly slower than in the wild type enzyme whereas proton uptake in 
Y321VcF is almost completely inhibited. This is consistent with our MD simulation 
results that rather flexible water wires are formed in the lower region of the KC-channel 
around Y227Vc compared to the upper region of the proton channel. Thus, our results 
suggest that Y321 is involved in regulating fast proton uptake so that it drives 
unidirectional proton flow and prevent a backflow of protons. Furthermore we show that 
the steady state enzyme activity relies on the rate of proton transfer from the N-side to the 
active site. MD simulation results confirmed that the proton transfer is tunable by the 
cooperation between the conserved polar residues and water molecules in the KC-
channels. 
4.2. Materials and method 
4.2.1. Site-directed Mutagenesis and Protein Purification 
The mutations were introduced using QuikChange site-directed mutagenesis kits 
(Stratagene). DNA primers were synthesized at Integrated DNA Technologies. 
Sequencing was performed at the UIUC Biotechnology Center. The expression, 
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purification, and characterization of the V. cholerae cytochrome cbb3  (wild type and 
mutants) was performed as previously described (19). 
4.2.2. Steady-state Activity 
O2 consumption by the enzyme was measured polarographically using a YSI 
model 53 oxygen meter. The reaction mixture contains 1.8 mL of 50 mM sodium 
phosphate, 100 mM NaCl and 0.05% dodecyl β-d-maltoside (DDM) at pH 6.5. 500 mM 
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) or 40 mM V. cholerae cytochrome 
c4, which is a natural electron donor for the V. cholerae cytochrome cbb3, with 10 mM 
ascorbate, is used as a reductant for enzyme activity assays at 25°C.  
4.2.3. CO-Flash-Photolysis  
The cbb3 sample at a concentration of 4 to 6 µM was prepared in a modified 
anaerobic cuvette and the atmosphere was exchanged to N2 on a vacuum line. The 
enzyme was reduced with 2 mM ascorbate with 2 µM phenazine methosulphate (PMS) as 
a mediator, followed by replacement of N2 by CO. Anaerobic incubation in CO results in 
formation of fully reduced CO-bound heme b3 adduct. The CO-ligand was photolyzed by 
a 10 ns laser flash at 532 nm (Brilliant B, Quantel), followed by detection of absorbance 
changes by an apparatus from Applied Photophysics. 
4.2.4. Flow-Flash measurements 
Measurements were performed as previously described (19).  Fully reduced CO-
bound cbb3 at a concentration of 5 to 10 mM in a buffer composed of 50 mM Hepes, 50 
mM KCl, 0.03% DDM and 50 mM EDTA at pH 7.4, was mixed in a 1:5 ratio in a 
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modified stopped-flow apparatus (Applied Photophysics, Surrey, U.K.) with O2-saturated 
buffer. The reaction with O2 was initiated by flash photolysis of the CO-enzyme adduct 
approximately 200 ms after mixing and monitored optically as absorbance differences at 
single wavelengths. The proton uptake measurement during the reaction of the fully 
reduced cbb3 with O2 was performed as described in (19). The buffer conditions; 50 mM 
Hepes, 50 mM KCl, 0.03% DDM for pH7.4, 50mM MES-OH, 100mM KCl and 0.5% 
DDM for pH6.0, and 50mM CHES-OH, 100mM KCl and 0.5%DDM for pH9.0, and 1 
mM O2 at pH 7.4 and 298K.    
4.2.5. Molecular dynamics (MD) simulations 
System preparation:  All-atom MD simulations were performed on a membrane-
embedded model of the C-family O2 reductase (cbb3), prepared using the 3.2 Å crystal 
structure of the enzyme from P. stutzeri (PDB 3MK7) inserted into a solvated and 
ionized patch of POPE lipid bilayer. Detailed procedure is previously described in (19). 
4.3. Results 
4.3.1. Conservation of Y227 and Y321 in the KC-channel of the C-family 
 There are three completely conserved tyrosine residues in the C-family HCOs: 
Y227Vc, Y321Vc and Y255Vc (Figure 4.1). Y255Vc has been identified to be a catalytic 
cross-linked tyrosine residue that provides an electron to O2 during the catalytic cycle, 
although this tyrosine originates from a different transmembrane helix within the C-
family enzymes (3, 23) compared with A- and B-family HCOs. As reported previously, 
Y255VcF exhibited no detectable enzyme activity compared with the WT enzyme (3). 
Y227Vc is located in the lower part of KC-channel, whereas Y321Vc is located further up 
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the KC-channel, close to the active site (10). It was previously reported that both Y321Vc 
and Y227Vc in the KC-channel appear to be important for enzyme functioning (12, 19). 
Notably, Y227Vc (Y248Tt) is evolutionally conserved between in the K-channels of C-and 
B-family HCOs, and Y321Vc is spatially equivalent to tyrosine residue (Y224Tt) in the 
KB-channel of the B-family (Figure 4.1 and Table 4.1) (10, 11). Here we show the 
specific role of these conserved tyrosine residues for proton transfer in the KC-channel of 
the C-family HCOs relative to the B-family HCOs by using site-directed mutagenesis, 
flow-flash kinetics and MD simulations.  
4.3.2. MD simulations  
Our previous MD simulations showed that mobility of Y227Vc, which is in the 
lower part of the proton channel, did not affect the formation of hydrated proton transfer 
pathway. Figure 4.2A displays a water molecule hydrogen bonded to another water 
molecule via the polar cluster that includes Y227Vc, and Figure 4.2B shows that only 
water molecules are involved in the formation of a hydrogen bonded water wire without 
the contribution of any polar residues. We studied the existence of hydrated pathways 
using MD simulation trajectories of cbb3 enzyme (19). Two of the five 120-ns trajectories 
indicate the formation of two different hydrated pathways extending from E49III to the 
upper region of the KC channel. They both end at residue Y321. One pathway penetrates 
behind the polar cluster region (Y227, S244 and N293). The other pathway is through the 
polar region and residue H247. According to MD simulation results, water molecules do 
exchange between the cytoplasmic solution and the lower region of the KC-channel but 
not beyond Y321. However, we find no evidence of these hydrated pathways in our MD 
simulation trajectories with ba3 enzyme (unpublished data, Mahinthichaichan). 
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4.3.3. Reaction of fully reduced Vibrio cholerae cbb3 variants with O2  
To examine the mechanism of proton transfer in the KC-channel in more detail, 
we further investigated the Y227VcF and Y321VcF mutants by flow-flash 
spectrophotometry (Figure 4.3). As we reported previously, the flow-flash method can 
only be utilized when the active site is not perturbed, and both Y227VcF and Y321VcF 
showed normal UV-visible absorption spectra and CO-photolysis kinetics compared with 
those of WT (Figure 4.6). Altered kinetics of CO recombination to the active site heme 
b3 in Y255F indicates perturbations to the active site despite normal assembly of the 
enzyme complex. This is in a good agreement with our previous results where conserved 
residues located in Helix 7-a showed altered CO recombination kinetics (19).  
The kinetics of heme b oxidation for Y227VcF was similar to that of the wild type 
enzyme (k= ~3000 s-1, τ = 0.3 ms) (Figure 4.2B and 4.2D) (19). In Y227F, the 
subsequent heme c oxidation step exhibited biphasic kinetics where the first phase was as 
fast as the rate of heme b oxidation (k= ~3000 s-1, τ = 0.3 ms) and similar to the that 
observed in the wild type enzyme, whereas the second phase occurred slowly with a rate 
constant of ~1469 s-1 (τ = ~0.68ms) (Figure 4.2A and 4.2C). This is consistent with MD 
simulations results where water molecules contribute to the formation of flexible proton 
transfer pathways in the lower region of the KC-channel. However, Y321VcF exhibited a 
decrease in the rate of heme c oxidation with a rate constant of ~940 s-1 (τ =~1.1 ms), 
while still maintaining fast oxidation of heme b/heme b3 (k= ~3409 s-1, τ = 0.29 ms) 
similar to that of the wild type.  
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4.3.4. Proton uptake  
Figure 4.4 shows proton uptake indicated by the absorbance change of a pH 
sensitive dye at 570 nm due to a change in pH upon proton uptake from bulk solution by 
the enzyme. In the wild type enzyme proton uptake is completed with reaction time of 
about τ = ~0.3 ms (19). The rate of proton uptake with a rate constant of ~1647 s-1 (τ = 
~0.6ms) for Y227VcF was only 2-fold slower than that of the wild type, and similar to the 
rates of heme c oxidation (k= ~1469 s-1, τ = ~0.68ms) (Figure 4.3). The proton uptake for 
Y321VcF occurred slowly with k= ~99 s-1 (τ = 10 ms) and was 30-fold slower than the 
WT. The amplitude of proton uptake was less than 10% of that observed for the wild 
type. The results suggest that Y321F almost completely inhibits proton access to KC-
channel.   
4.3.5. pH dependence of proton and electron transfer during catalytic cycle 
The pH dependence of the kinetics of enzyme reactions was studied by allowing 
the reduced V. cholerae cbb3 enzymes to react with O2 at different pH values in the range 
of pH 6.0-9.0. In Figure 4.7 and Figure 4.8, the data shows that the rate of heme 
oxidation in WT is pH-independent. Similarly, the rate of proton uptake did not show 
significant pH-dependence. Both Y227F and Y321F exhibited pH independence in the 
heme oxidation as well as proton uptake in the measured pH range, with only a slight 
decrease at pH 10.0. Thus, this suggests that there is no apparent pKa shift of the internal 
proton donor in this pH range in Y227F and Y321F. 
4.4. Discussion 
C-family HCOs utilize a single proton channel, which consists of highly 
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conserved polar residues (Y227, S244, N293, T297 and Y321, V. cholerae numbering), to 
transfer protons for O2 reduction chemistry as well as proton pumping (Figure 4.1) (9).  
Our previous study demonstrated that the KC-channel starts with glutamic acid (E49) in 
subunit III, where the formation of hydrogen bonded water wire between the entrance 
(E49) and the polar cluster (Y227, S244 and N293) is required for the delivery of protons 
to the K-channel in subunit I, and ends at Y321 where protons are diverted either to the 
active site for O2 reduction or to the proton loading site for proton pumping (19, 24). 
Although the functional importance of the conserved residues is evident, the specific 
functional role of the residues for proton transfer mechanism is not yet known. Of 
particular interest are Y321 at the end of the K-channel and Y227 in the lower region of 
the K-channel that are also found in the K-channel of the B-family HCOs.   
4.4.1. Formation of the hydrated proton transfer pathways in the C-family  
In our MD simulations, Y227 and Y321 exhibited different contributions to the 
formation of hydrated proton pathways. The MD simulations identified water molecules 
that form flexible proton transfer pathways between the entrance (E49) and the polar 
cluster (Y227, S244, N293 and H247). The formation of a continuous water wire from 
the entrance to the active site in the KC-channel was observed when the “Y241 gate” is 
open (19). Figure 4.2 suggests an alternate proton transfer mechanism without breaking 
the polar cluster, which includes residue Y227. This suggests that protons can be 
delivered via transiently formed water wires. In other words, the formation of hydrated 
pathways relies not on the conformation of Y227, but rather the water molecules that 
form hydrogen bonds with other water molecules without the participation of the polar 
cluster in the hydrogen network. It was suggested that multiple proton pathways are 
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possible in this region so that no single residue is essential for enzyme function (12). On 
the other hand, the formation of water wire in the upper region of the KC-channel, where 
Y321Vc is located, appears to be more stable and restricted. As reported previously, Y321 
is a bifurcation point where proton is transferred to either the active site or the exit 
pathway (10, 20). Similarly, the region around E286Rs, that serves as a branch point of the 
D-channel in the R. sphaeroides aa3, has been shown to maintain high degree of 
structural rigidity to prevent non-specific back-leakage of protons (25). MD simulation 
results highlight that the end of the proton channel regulates proton transfer more 
precisely than in the entrance region where water involvement can be more dynamic. 
4.4.2. Functions of Y227 and Y321 in the KC-channel  
Our experimental results verified that Y227 and Y321 exhibit different 
biochemical functions for proton transfer. Previously, the Y227VcA, Y227VcH and 
Y227VcF mutants showed their effect on steady state enzyme activity at various degrees 
with 12%, 18% and 52% of the WT activity, respectively (19). The N293VcD and 
N293VcL mutants also showed different effects on O2 reduction activity (3% and ~9%, 
respectively). In addition, the position of S244 or T297 can be replaced by a water 
molecule to conduct proton transfer to the active site with no loss of catalytic activity (12, 
19).  Collectively, the results hint that the enzyme reaction is influenced by the 
rearrangement of hydrogen-bonded water/amino-acid sidechain network relying on the 
properties of introduced residues in this position. On the other hand, upon removal of the 
tyrosyl group from Y321, which is located at the end of the KC-proton channel of the C-
family, Y321VcF and Y321VcA almost completely inhibit enzyme activity implying that 
the tyrosyl group of Y321 is a crucial factor for proton transfer mechanism (12, 19). 
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Further investigation by using flow-flash techniques displayed that the loss of steady state 
catalytic activity is linked to the level of the defects in proton uptake to the active site.   
Active role of water molecules for proton transfer in the lower region (Y227) of 
the KC-channel: During the single turnover reaction of the fully reduced enzyme with O2, 
Y227F displayed slightly slower heme c oxidation (k= ~1469 s-1, τ = ~0.68ms) and 
proton uptake (k=~1647 s-1, τ = ~0.6ms) than those of the WT enzyme (both k=~3000 s-1, 
τ = ~0.3ms) (Figures 4.2). This implies that the local geometry of hydrogen bonded 
water/polar residue network in Y227 region is reorganized but still able to transfer 
protons rapidly to the active site. This is supported by our earlier results that water 
molecules can substitute for small polar residues in this region (the polar cluster formed 
by S244, Y227 and N293), such that fast proton uptake was still observed upon removal 
of hydroxyl group from S244 (S244A) in the KC-channel (19). The K-channel of the R. 
sphaeroides aa3 oxidase also showed that internal flexibility is related to water molecule 
movement that regulates proton uptake (26). The important role of water molecule for 
proton transfer mechanism was suggested in many other proton conducting proteins (27, 
28). These findings are consistent with our MD simulation results that proton transfer in 
the lower region of KC-channel is mediated by a flexible hydrogen bond network that 
includes water molecules.  
Function of Y321 as a branch point of the KC-channel: It can be expected that 
Y321F might retain the internal proton donor in a deprotonated state X- after the internal 
proton transfer to the catalytic site since the proton uptake through the K-channel from 
the bulk solution is impaired and the rapid protonation of the PLS is inhibited. However 
the formation of the second phase (heme c oxidation) that requires proton uptake is 
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observed without any proton uptake from the bulk solution. The first phase of oxidation 
(heme b oxidation) with Y321F (k= ~3409 s-1, τ = 0.29 ms) was maintained as fast as that 
of the wild type enzyme, and the second phase of oxidation (heme c oxidation) with 
Y321F was only about 3-fold slower than that with the wild type enzyme (1.1 ms vs 0.3 
ms). On the other hand, the proton uptake of Y321F (k= ~99 s-1, τ = 10 ms) was slowed 
by a factor of 10 compared with the rate of WT (k= ~3400 s-1, τ = 0.3 ms) showing that 
the second phase of oxidation (heme c oxidation) was not accompanied by proton uptake 
from the bulk solution. It is speculated that the proton from initially protonated residue 
near the active site, possibly the proton loading site (PLS) or from the P-side is 
transferred back to the internal proton donor/the active site (Figure 4.5).  As we 
mentioned earlier, Y321 is a putative branch point located at the end of the KC-channel 
through which all pumped protons and chemical protons are transferred, and therefore 
electrostatic and/or structural change of Y321 is tightly linked to proton transfer to both 
internal proton donor (X-) and the PLS.  
Similarly, in the R. sphaeroides aa3 (A-family), E286 has been suggested to 
function as a valve that prevents back-leakage of protons from the PLS in the D-channel 
(17, 18, 29). Upon introduction of protonatable residues near E286 (e.g. S197D), the 
initial proton donation to the active site occurs rapidly, but the reprotonation of E286 
becomes very slow and is originated from the P-side (28). In addition, it was reported that 
mutation of T312VTt next to Y244Tt in the T. thermophilus ba3 redirected proton transfer 
from the PLS to the active site resulting in abolition of proton pumping (22). Y244TtF is 
also suggested to lead structural change of PLS, affecting the timing of proton pumping 
(22). Taken together, the results indicate that Y321 might function as a valve that controls 
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fast proton transfer to the active site as well as the PLS, and prevents proton back-flow at 
the end of the KC-channel. 
4.4.3. Functional divergence of tyrosine residues in the K-channel of the B- and C-
family HCOs  
Although B- and C-family HCOs utilize a single proton channel, key conserved 
residues in each family are phylogenetically divergent. Indeed, there is only one residue 
evolutionally conserved between the KB-and KC-channels (12), a completely conserved 
Y227Vc in the C-family that is equivalent to Y248Tt in the B-family (10, 12). Interestingly 
the mutation of Y227Vc in the C-family only slightly slows the rate of proton uptake, 
whereas mutation of Y248Tt in the B-family revealed that it is crucial for enzyme 
function, indicating an important role for neighboring water molecules participating in 
fast proton diffusion in the lower region of the KC-channel compared to the KB-channel. 
On the other hand, Y321Vc in the KC-channel appears to be crucial for fast proton transfer 
and acts as a possible branch point for proton pumping as well as for O2 reduction 
reactions. Similar to a catalytic Y255Vc that originates from different position of primary 
sequence but topologically equivalent to catalytic Tyr in other HCO families, the Y321Vc 
is spatially equivalent to Y244Tt in the KB-channel (10-12, 20). Y244Tt was also shown to 
be linked to proton transfer to the PLS area, although Y244TtF still retains proton 
pumping ability (21, 22). Taken together, the detailed role of these two tyrosine residues 
is different in proton transfer mechanism, although these residues are only shared in the 
K-channels of the B-and C-family HCOs. Nevertheless, our findings demonstrate that 
mechanistically diverse key residues in HCO superfamily appear to regulate a proton 
pumping mechanism that is conserved in all of the families of HCO enzymes. Our results 
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might give an insight to the phylogenetic relationship, structural evolution and functional 
divergence between the B- and C-family HCOs.  
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4.5. Figures and Tables 
 
 
Figure 4.1. Comparison of the proton delivery pathways for the T. thermophilus ba3 and 
P. stutzeri cbb3 enzymes. (A) A structural overlap of the subunit I (CcoN) of the P. 
stutzeri cbb3 (C-family) in pink with the subunit I of the T. thermophilus ba3 (B-family) 
in grey, respectively.  A blue arrow indicates a proton transfer channel. Residues studied 
in the V. cholerae cbb3 shown as a yellow color. (B) Detailed view of the overlap of the 
KC- and KB-channel. The structure is depicted using PDB 3MK7 from P. stutzeri, but the 
residue numbering is that from V. cholerae. (PDB 3EH5 from T. thermophiles) 
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Figure 4.2. Identification of a putative water-mediated proton transfer pathway in the KC-
channel of cytochrome cbb3 from P. stutzeri. Selected snapshots illustrate that (A) proton 
transfer pathway is formed via hydrogen bonded water molecules and polar residues (B) 
a continuous water pathway via hydrogen bond is formed in between the entrance 
(E49IIIVc) and near the active site (Y321Vc) which allows proton delivery through the KC-
channel. The fully connected water wire is observed passing next to the phenol ring of 
Y241Vc and the proton channel remains hydrated. Residues are numbered according to the 
V. cholerae enzyme. Displayed water molecules are those within 3 Å of KC-channel 
residues. 
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Figure 4.3. Absorbance changes associated with the reaction of the fully reduced V. c. 
cytochrome cbb3 wild type, Y227VcF and Y321VcF variants with O2 at the various 
wavelengths (A) 420, (B) 430, (C) 550, (D) 560. (A) 420 nm and (C) 550nm, monitoring 
mainly the c-type hemes, (B) 430 nm, associated with changes mainly at the hemes b (D) 
560 nm, mainly due to the oxidation of low spin heme b. The solution contained 
approximately 1-2 µM reacting cbb3, 50 mM Hepes, 50 mM KCl, 0.03% DDM and 1 
mM O2 at pH 7.4 and 298K.   
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Figure 4.4. The absorbance changes for proton uptake were monitored during the reaction 
of the fully reduced V.c. cytochrome cbb3 wild type, Y227VcF and Y321VcF variants. The 
absorbance increase at 570 nm is a result of alkalization due to proton uptake from 
aqueous solution. For the proton uptake measurement, the solution contained 
approximately 1-2 µM enzyme, 50 mM Hepes, 50 mM KCl, 0.03% DDM, 40 µM phenol 
red and 1 mM O2 at pH 7.4 and 298K. The proton uptake traces show the difference 
between the traces obtained in the absence of buffer and those obtained after addition of 
buffer.  
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Figure 4.5. The reaction scheme of the reduced WT cbb3 and Y321F with O2. The 
different states of the HCO enzyme are indicated by the one-letter codes. The redox 
centers are shown as a circle (heme c), a square (heme b), and a hexagon (heme b3 and 
CuB), where filled and empty symbols represent reduced and oxidized centers, 
respectively. A putative internal proton donor (XH/X-) and proton loading site (YH/Y-) 
are shown right below and above the active site, respectively. Protons that are internally 
and externally transferred to the active site are shown as dashed and solid blue arrows, 
respectively. In the WT cbb3 the internal proton transfer from XH to the active site is 
followed by proton uptake from the bulk solution through the K-channel. In Y321F after 
the internal proton transfer from XH to the active site, proton is transferred from YH to 
the active site without proton uptake.   
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Figure 4.6. (A) Optical spectra of the air-oxidized and the dithionite-reduced wild type 
cytochrome cbb3, the Y227VcF and Y321VcF mutants from V. cholerae. The inset shows 
the α- and β-bands of the dithionite-reduced minus-air oxidized difference spectra. The 
buffer used was 50mM sodium phosphate, 100mM NaCl and 0.05% DDM at pH7.4. (B) 
CO-recombination kinetics following flash photolysis of the fully reduced wild type 
cytochrome cbb3, the Y227VcF and Y321VcF mutants, monitored at 430 nm. Two major 
phases are observed, where the rapid decrease of the absorption displays CO 
recombination to the heme c and slow increase in the absorbance correspond to CO 
recombination to the heme b components of the enzyme. 
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Figure 4.7. pH dependence of V. cholerae cytochrome cbb3 wild type and Y227VcF 
mutant. The absorbance changes were monitored at (A) 420 nm, (B) 430 nm, (C) 550 nm 
and (D) 560 nm.  
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Figure 4.8. pH dependence of V. cholerae cytochrome cbb3 wild type and Y321VcF 
mutant. The absorbance changes were monitored at (A) 420 nm, (B) 430 nm, (C) 550 nm 
and (D) 560 nm.  
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Table 4.1. Comparison of steady-state oxygen reductase activity for the T. thermophilus 
ba3 and V. cholerae cbb3 variants 
 
 
 
  
C-family (V. cholerae  cbb3)* B-family (T. thermophilus ba3)* 
mutant 
Turnover %  
(e-/sec cbb3) 
Proton 
pumping 
mutant 
Turnover %  
(e-/sec ba3) 
Proton 
pumping 
properties 
WT 100% (198±8) + WT 100% (300) + 
Y227F 52 N/D Y248F <1 - Evolutionally conserved 
Y321F <1 - Y244F 15 + Structurally equivalent 
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CHAPTER 5: CONFORMATIONAL LINKAGE BETWEEN 
THE PROPIONATES OF THE ACTIVE SITE AND CCOP 
SUBUNIT IN THE VIBRIO CHOLERAE CBB3 OXYGEN 
REDUCTASE 
5.1. Introduction 
Heme–copper oxygen reductase (HCO) superfamily is a key enzyme for aerobic 
respiration. The HCO enzymes reduce oxygen to water and the released free energy from 
an exergonic O2 reduction reaction drives proton pumping across a biological membrane. 
This process establishes the electrochemical proton gradient which is used by ATP 
synthase for the production of ATPs. The HCO enzymes can be classified as three major 
families based on phylogenetic distance and structural similarity: A-, B- and C- families 
(1, 2). The C-family HCOs, which are phylogenetically quite distant from the B- and C-
family HCOs, exhibit distinct differences in the proton input pathway, electron transfer 
system and subunit composition. The A-family HCOs utilize two proton input channels 
(D- and K-channels) whereas the B- and C- family HCOs utilize only one proton input 
channel, which is spatially equivalent to the K-channel of the A-family HCOs, for the O2 
reduction chemistry as well as proton pumping.  
Despite structural variations within the HCO families, the topology of the active 
site heme-CuB in subunit I is shown to be conserved among the HCO superfamily. 
Together, the active site and the proton loading site (PLS) have been suggested to be the 
minimum requirements for the enzyme reaction since the proton for proton pumping 
should be released from the transient proton loading site (PLS) into the periplasmic side 
of the membrane (1, 3). A number of experimental studies as well as computational 
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approaches have suggested that an area of propionate-A of the active-site heme is the 
proton-loading site across all of the A-, B- and C-family HCOs (3-7). In order to take 
protons from cytoplasmic side and release the protons to the periplasmic side across the 
membrane, the proton affinity (pKa) of proton-loading site should be modulated by the 
changes in redox state of the cofactors (heme a or heme a3 in the A-family HCOs) and its 
interaction with the proton consumed at the active site (4-6, 8). This, together with 
considering the PLS might be shared in the HCO superfamily, provides a reasonable 
support for the idea that the propionate-A of active site heme is a plausible candidate for 
the PLS. In the A-family HCOs, the PLS has shown to include the A-propionate of the 
active site heme as well as neighboring hydrogen-bond network (4-6, 9). This is 
consistent with the observations that the PLS in the Thermus thermophiles ba3 oxidase 
might be the cluster of groups centered around the conserved water molecule that 
hydrogen-bonds to both propionate-A and -D of heme a3 (3). Notably the proton loading 
site appears to be not a single residue but rather a cluster in this region (3, 9-12). The 
recent computational analysis with the P. stutzeri cbb3 (C-family) have also demonstrated 
that water molecule networks are observed around the putative proton loading sites 
(N337Vc/H341Vc/A-propionate of heme b3) (13).  
Previous sequence analysis studies have shown that N333 and H337 are 
evolutionally conserved within the C-family HCOs indicating important roles of these 
residues (3, 14). The crystal structure of the C-family HCO from Pseudomonas stutzeri 
confirmed that the propionate-A of heme b3 forms hydrogen bonds with N333 and H337 
(15). Previous MD simulations also suggested that the pumped proton is transferred from 
a branch point Y321 to the PLS (N337/H341) via the E327 that is hydrogen-bonded to a 
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ligand of heme b3 (H349Vc) through a H-bonded water wire (7).  
In this work, we have studied the proposed proton exit pathway of the C-family 
HCO to identify elements involved in the proton pumping mechanism by using site-
directed mutagenesis. Mutations were prepared in each of the residues of the possible 
proton exit pathway in the Vibrio cholerae cbb3 based on structural, phylogenetic 
analysis and previous MD simulation results (13, 14). Surprisingly, the alterations on the 
proposed exit pathway (N337, H341 and E327) result in active site perturbations as well 
as selective dissociation of the CcoP that is required for catalytic function. Consequently, 
all of the mutations in the suggested exit pathway eliminate enzyme activity indicating its 
functional importance. Our results suggest that unique structural feature “ loop O” in the 
extended interface at CcoN, CcoO and CcoP leads to a conformational link between the 
proposed proton exit pathway and the active site as well as the CcoP subunit in the Vibrio 
cholerae cbb3. Thus our findings demonstrate that the suggested exit pathway is tightly 
connected to the O2 reduction reaction along with the process of proton pumping.  
5.2. Materials and Method 
5.2.1. Site directed mutagenesis 
Site-directed mutagenesis was performed using QuikChange kits as previously 
reported (14). The quick change PCR primers used for mutagenesis were synthesized at 
Integrated DNA Technologies (IDT). Sequence verification of the mutagenesis reactions 
was performed at the Biotechnology Center at the University of Illinois, Urbana-
Champaign. Expressions, purifications, and characterizations of the V. cholerae cbb3 WT 
and mutants were performed as previously described (16).  
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5.2.2. UV-Visible spectra analysis 
Shimadzu UV/Vis-2101PC spectrophotometer was used to obtain the spectra of 
wild-type and mutant enzymes. The concentrated protein samples were diluted with 
50mM sodium phosphate, 100 mM NaCl and 0.05% DDM at pH 8.0. The enzymes were 
oxidized by air and reduced with sodium dithionite (Sigma). Spectra were measured from 
300 to 800 nm and analyzed using OriginPro software. 
5.2.3. Pyridine hemochrome assay 
The concentrations of heme b and heme c were determined as previously 
described. 0.5ml of a stock solution containing 200 mM NaOH, 40% (by volume) 
pyridine and 3 µL of 0.1M K3Fe(CN)6 were placed in a 1mL cuvette. A 0.5ml aliquot of 
the protein sample (~5 mM) was added with thorough mixing and the oxidized spectrum 
was recorded within 1 minute. Solid sodium dithionite (2-5 mg) was then added and 
several successive spectra of the reduced pyridine hemochromes were recorded. The 
absorbance differences at the selected wavelengths were multiplied as a vector by the 
inverse of the matrix of extinction coefficients at these wavelengths to obtain the 
concentration of heme b and heme c. In the case of baseline line drifting upon dithionite 
reduction, exponential decay fitting and sometimes 3rd order polynomial fitting was 
applied to cancel the baseline drifting effect by scattering from small population of non-
homogenized protein.  
5.2.4. SDS-PAGE gel analysis 
GeneMate Express 8%-16% gradient PAGE gels from ISC BioExpress with 
Tris/Hepes/SDS buffer system were used to separate the purified protein complexes. Gel 
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were subject to either Coomassie Brilliant Blue R-250 staining for all subunits or heme 
staining to identify just CcoO and CcoP as the heme c is covalently attached to these two 
subunits. Gels were then incubated in a mixture of 15ml 6.3 mM 3,3’,5,5’-
tetramethylbenzidine methanol solution and 35ml 0.25 M sodium acetate solution at pH 
5.0 in dark for 1 h. The gels were then stained for heme c by adding 30 mM H2O2. After 
30 minutes incubation the gels were washed by a mixture of 30% isopropanol and 70% 
250 mM sodium acetate solution at pH 5.0.  
5.2.5. Steady state enzyme activity assay 
O2 consumption by cytochrome cbb3 was measured polarographically at 25 ⁰C 
with a YSI model 53 oxygen electrode which was assembled with a temperature-
controlled 1.8mL electrode chamber. The reaction buffer contained 100 mM NaCl, 50 
mM NaPi and 0.05% DDM at pH 6.5. 10 mM ascorbate and 500 uM TMPD (to shuttle 
electron from ascorbate, via TMPD, into cytochrome cbb3) which is a chemical electron 
donor was used as the reducing reagent for the enzyme activity assay. In the presence of 
O2 (aerobic), the reaction was initiated by injection of 50~100nM enzyme. Inhibition of 
KCN at 100 µM in some cases was applied to rule out the possibility of oxygen 
consumption by artifact rather than oxidase turnover. Under these conditions a turnover 
of 200 electrons per second for the wild type was recorded.  
5.2.6. Thermal stability measurements 
Dynamic light scattering (DLS) techniques were applied to measure the size 
distribution (Z-average size) of enzymes while varying temperatures (DLS, Malvern 
Zetasizer Nano ZS90, Malvern instruments Ltd., U.K.). DLS data points were collected at 
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each 2.5°C increment between 4°C and 65°C, and each sample was scanned three times.  
Increase in Z-average size with DLS exhibits increase in the size of enzymes suggesting 
the formation of aggregate enzymes. For the measurement, 5 uM of the cbb3 variants 
were prepared in 50 mM NaPi buffer, 100 mM NaCl and 0.05% dodecyl β-d-maltoside at 
pH 8.0.  
5.2.7. Flash-Photolysis Measurements 
The sample with enzyme at a concentration of 4~6 µM was prepared in a 
modified anaerobic cuvette and the atmosphere was exchanged to N2 on a vacuum line. 
The enzyme was reduced with 2 mM ascorbate with 2 uM phenazine methosulphate 
(PMS) as a mediator, followed by replacement of N2 by CO. Anaerobic incubation with 
CO resulted in formation of fully reduced CO bound heme b3 adducts. The CO-ligand 
was photolyzed by a 10 ns laser flash at 532nm (Brilliant B, Quantel), followed by the 
detection of absorbance changes by an apparatus from Applied Photophysics.  
5.3. Results  
The goal of our study is to investigate the elements that are involved in proton 
pumping in the C-family HCOs. Based on our sequence and structural analysis, along 
with the previous computational study, site-directed mutagenesis study has been carried 
out with the V. cholerae C-family HCO and the results are summarized in Table 5.2.  
5.3.1. Propionate-A of high-spin heme b3 region  
Residues forming hydrogen bonds with the propionate groups of the low-spin 
heme b or high-spin heme b3 
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in the HCO superfamily (Table 5.1, Figure 5.1B). Particularly the bidentate hydrogen 
bonds that H341 forms to the propionate-A of heme b3 in the C-family HCOs are 
evolutionally conserved across the HCO superfamily enzymes (14). N337 hydrogen-
bonded to the propionate-A of heme b3 is also highly conserved in the HCO enzymes as 
well.  
Steady state activity:  Mutations of H341 and N337 to nonpolar residues were 
prepared to eliminate the capability to form hydrogen-bonds with high-spin heme b3. A 
number of mutations of H341 (to H341S/A/Y/D) almost completely eliminated catalytic 
activity (Table 5.2). Likewise, N337D/I/L mutants had no detectable steady-state enzyme 
activity (Table 5.2).  
Furthermore, to investigate back-leakage of the protons to the active site through 
the proton exit pathway in the V. cholerae cbb3 enzyme, several double mutants (H341F-
Y321F, H341S-Y321F and N337L-Y321F) were prepared by combining the mutations of 
the exit pathway with the Y321F that abolishes proton uptake. If we hypothesize that 
these two residues, N337 and H341, are involved in the gating of proton pumping, when 
the residues are perturbed, protons might be provided from the outside of membrane for 
the O2 reduction upon blocking of the K-proton channel. However double mutants 
H341F-Y321F and H341S-Y321F exhibited no detectable enzyme activity and N337L-
Y321F recovered only 3~5% of the WT activity (Table 5.2). Thus N337/H341 is not 
likely to be associated with gating of proton transfer for pumping. The phenotypes of all 
mutants are the same as those of the single mutants of N337 or H341.  
Spectroscopic analysis:  The dithionite-reduced minus air-oxidized UV-visible 
absorption spectra of each of mutants were perturbed compared with the wild type. 
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Figure 5.2 shows the representative data (e.g. N337L, H341S, N337L-Y321F and 
H341S-Y321F) of the dithionite-reduced minus air-oxidized spectra along with the wild 
type. The Soret absorption at 423nm of the dithionite-reduced minus K3Fe(CN)6-oxidized 
wild type enzyme was red-shifted to 428 nm in all of the single mutants H341S/A/Y/D 
and N337D/I/L, and in double mutants including H341F-Y321F, H341S-Y321F and 
N337L-Y321F. In addition, the ratio of the reduction of heme c (552 nm) and heme b 
(560 nm) is reduced compared to that of the wild type. 
Heme analysis:  A pyridine hemochrome analysis was performed on the 
preparations of both the wild type and mutant enzymes to quantify the heme contents. 
The results showed the unusual heme b:heme c ratio of 2:1 for the mutants enzymes 
compared to a normal heme b:heme c ratio of 2:3 for the wild type cytochrome cbb3 
indicating loss of CcoP subunit, which contains two hemes c, in the mutants (Table 5.2).   
Subunit composition: Figure 5.3 shows the SDS-PAGE analysis of the purified 
wild type and mutant variants.  With Coomassie blue staining, CcoN, CcoO and CcoP 
bands are displayed with the wild type enzyme at 57 kDa, 23 kDa and 34 kDa. Consistent 
with the results of the pyridine hemochrome assay, the band corresponding to CcoP is not 
present in the N337/H341 mutants. Similarly, when the bands were stained for the 
covalently bound heme c, both CcoO and CcoP are evident in the lane with the wild type 
enzyme, but only CcoO is in the lane with the mutant enzymes (Figure 5.3). The results 
demonstrate that mutations of N337/H341 result in dissociation of CcoP subunit.  
CO recombination kinetics:  The kinetics of CO recombination after CO 
photolysis of the fully reduced CO-bound HCO was studied as an indicator of the 
integrity of the heme-copper active site of the mutants. Flash photolysis of the fully 
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reduced CO adduct of the WT enzyme observed at 430nm resulted in biphasic 
recombination kinetics, representing a rapid decrease for CO binding to the heme c and a 
slower increase for CO binding to the active site heme b3. However, Figure 5.5 shows 
that the mutations of N337 or H341 perturb CO-recombination to the heme b3 indicating 
perturbations of the active site. 
Thermal stability: Dynamic light scattering (DLS) was used to monitor thermal 
denaturation of the proteins as the temperature was increased from 4 °C to 65 °C. An 
increase in the “Z-average” parameter accounts for the aggregation of protein resulting 
from protein denaturation. Figure 5.4 shows that the Z-average starts to increase at 
~34°C and 31.5°C for N337L and H341S, respectively, compared to the wild type 
displaying the increase of the Z-average at ~42°C. The thermal stability of S244L mutant 
that induces the active site perturbations with loss of enzyme activity was also monitored 
and found to be similar to that of the wild type. The results suggest that mutations of 
H341/N337 lead to dissociation of the CcoP subunit causing a decrease of the thermal 
stability of the enzyme.  
5.3.2. Propionate groups of low-spin heme b region  
R61 and R441 hydrogen-bonded with the propionates of low spin heme b are 
highly conserved in the C-family HCOs. Replacement of R61 and R441 by Lys, which 
can maintain a hydrogen bond to the propionates of heme b, retained high enzyme 
activity 71% and 70%, respectively. R61Q reduced enzyme activity to 11%. (Table 5.2). 
These mutants did not show structural changes confirmed by UV-visible spectra, heme 
analysis and SDS-page gel analysis (data not shown). On the other hand, the R441Q 
mutant resulted in no enzyme being obtained, implying disassembly or destabilization of 
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the enzyme complex. Investigation into the structure revealed a rhombic charge network 
where R441 and K108II is bridged through D344 and heme b propionate-A. The R441Q 
mutant might disrupt the hydrogen bond network that contributes to stabilizing the 
interaction in the interface between CcoN (subunit I) and CcoO (subunit II) resulting in 
disassembly of the enzyme complex.  
5.3.3. Unique feature of the catalytic triad in the C-family  
E327 is shared within the C-family HCOs, if not, replaced by glutamine at the 
same position. Structural analysis, in addition to the previous computational study, have 
demonstrated that E327 might be involved in proton transfer for proton pumping between 
the bifurcation point (Y321) and the PLS (propionate-A of heme b3 area) (See Figure 
5.1C) (13). Interestingly, E327 also comprises the unique catalytic triad, where E327 is 
hydrogen-bonded to the ligand (H349) of heme b3 and also to W345 and W404. Table 2 
displays that mutations of E327 (to E327A and E327Q) are totally devoid of catalytic 
activity. Similar to the N337/H341 mutants, CcoP subunits in both E327A and E327Q 
mutants are missing from the enzyme complex. This is supported by the UV-visible 
spectra, pyridine hemochrome analysis and SDS-page gel analysis. In addition, the 
perturbations of the active site were observed in the CO-recombination kinetics of E327A 
(Figure 5.5).  
Not surprisingly, replacement of E327 by Asp (E327D) retained substantial 
enzyme activity (45%) with no significant spectroscopic perturbations. W345L and 
W404L were found to retain partial activity (63% and 16%, respectively). The double 
mutant W345L-W404L further reduces the steady state activity to ~7% (Table 5.2) 
suggesting that the hydrogen bond interaction between E327 and W345/W404 plays an 
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important role in catalytic function. Indeed, this is supported by the fact that the rates of 
CO-recombination to the heme b3 with E327D and W345L were accelerated with rate 
constants of 1551 s-1 and 1942 s-1, respectively, compared with that of the wild type (k= 
450 s-1). The kinetics of heme oxidation for the two mutants, E327D and W345L (τ=0.28 
ms and 0.26 ms, respectively), is similar to that of the wild type (τ=0.3 ms).  
5.3.4. The interface between subunit I (CcoN) and subunit II (CcoO)  
R59 is highly conserved (98%) in the C-families and forms a periplasmic cavity 
in the interface between CcoN and CcoO. R59K was highly active, however, the R59Q 
mutant had only 3% of the WT activity. Heme analysis revealed that CcoP was 
disassembled from the enzyme complex in R59Q, but not in R59K (Table 5.2). This data 
suggest that structural changes of the enzyme might be induced by perturbations of 
charge interaction between R59 and a highly conserved (84%) E68II in CcoO.  
5.3.5. Alterations of hemes c in CcoP subunit  
As reported previously, hemes c moieties in the periplasmic domain of the CcoP 
are required for the mediation of the electron transfer to the catalytic subunit CcoN and 
the entrance (E49), located in the cytoplasmic side of the KC-channel, is required for fast 
proton uptake (16). A series of mutants on the conserved ligands on the outer (H247 and 
M212) and inner (H174) hemes c were prepared to investigate the effect of alteration on 
each heme c in CcoP subunit. H247A, M212A and H172A from the V. cholerae cbb3 
retained ~8%, 12% and 9%, respectively, of the WT activity. The spectroscopic and 
SDS-PAGE gel analysis displayed that H247A and H172A lost most of the CcoP subunit 
while retaining both CcoN and CcoO subunits. Particularly, the yield of H172A during 
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purification was significantly decreased to less than 10% compared with that of the wild 
type cbb3. It is consistent with the previous results from R. sphaeroides cbb3 that 
mutation of H126, which is equivalent to H172 from the V. cholerae cbb3, to H126RsA 
inhibited catalytic activity and lost CcoP subunit from the enzyme complex (Han’s 
thesis).  
5.4. Discussion 
The active site heme is a crucial element for catalysis of O2 reduction in all of the 
heme copper oxygen reductases such that the structural integrity of the active site heme is 
critical for the proper functioning of the enzyme. In addition, the active site heme has 
shown to be involved in regulating proton transfer in a concerted way by conformational 
changes and/or pKa shifts of the covalently attached propionate groups (4, 5). 
Consequently, highly conserved histidine and asparagine (or aspartic acid) forming 
hydrogen bonds to the propionate-A of the active site heme were proposed to be 
important for the proton pumping mechanism among the A-, B- and C- family HCOs (1). 
This is experimentally and computationally confirmed by the previous studies that H376B 
in T. thermophilus ba3 (B-family) and the water bridging propionate-A and -D of the 
active-site heme a3 is the more likely proton loading site (3, 17, 18). Similarly, the proton 
loading site of the R. sphaeroides aa3 (A-family) has been suggested to be the cluster of 
the H-bonded network in the propionate group of the active site heme (4, 10). Previous 
computational studies with the P. stutzeri cbb3 (C-family) have demonstrated that the 
propionate-A of the active site, forming hydrogen bonds to H341 and N337, is a plausible 
proton loading site at which protons are pumped to the periplasm (13). Figure 5.1C 
displays that Y321 is a bifurcation point located at the end of the K-proton channel, at 
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which some protons are directed to the active site via T219 for water formation (route 1) 
and other protons are diverged toward the proton loading site via E327 for proton 
pumping (route 2).  
Conformational coupling between the proposed proton exit pathway and 
CcoP: We have shown that mutants of the proposed “PLS” H341 and N337 in the V. 
cholerae cbb3 are completely devoid of catalytic activity, and that this is most likely the 
result of conformational changes induced at the active site and the loss of CcoP subunit. 
As we discussed before, perturbations at the active site result in eliminating catalytic 
activity (16). The integrity of the active site was tested by CO recombination after flash 
photolysis of the CO adduct of the fully reduced enzyme (19). As another key factor, the 
assembly of CcoP was demonstrated by SDS-phase analysis and pyridine hemochrome 
assay results (see below). Structural perturbations at the active site and CcoP subunit with 
the enzyme complex are caused not only by mutations at N337/H341, but also a number 
of mutations on the proposed proton route 2 for proton pumping. E327A/Q and Y321E, 
which had no detectable catalytic activity, exhibited the loss of CcoP subunit from the 
enzyme complex. As shown in the analogous case of E286 in the R. sphaeroides aa3, a 
branching point Y321 plays an important role in maintaining fast unidirectional proton 
transfer and therefore it is speculated that Y321 is tightly linked to the active site and 
proton loading site (16, 20-22). Thus, the change of electrostatic environment upon 
mutation of Y321 to Y321E might perturb the PLS, which in turn propagates to CcoP 
subunit.  
On the other hand, no significant structural perturbations were observed upon 
mutations of R61, R441 (heme b in Figure 5.1B) and T219 (route1 in Figure 5.1C) 
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indicating that conformational linkage with CcoP is rather confined to the proposed exit 
pathway (see route 2 in Figure 5.1C). In the C-family HCOs Ca2+ was found to connect 
both the propionate-A of heme b3 and propionate-D of heme b (15). However the active 
site and CcoP were perturbed only in the mutations of H341 and N337. In addition, as 
reported previously, the mutations of the ligand E126 of Ca2+ did not result in structural 
perturbation of the enzyme (23). Furthermore, the mutants of the KC-channel residues 
that cause perturbations of the active site heme (e.g. S244L) were obtained as a fully 
assembled and stable complex of the enzyme (16).  Thus it is concluded that the proposed 
exit pathway is specifically linked to the assembly/stability of CcoP subunit.  
Role of CcoP in the enzyme function: CcoP, which consists of the periplasmic 
domain containing two heme c moieties and the transmembrane helices, contribute to the 
distinct structural features of the C-family HCOs. CcoP has been shown to be important 
for the enzyme reaction despite its structural redundancy, and so the CcoNO subcomplex 
upon loss of CcoP subunit resulted in retaining only a small amount of activity (24, 25). 
Particularly, it was previously reported that the outer heme c in CcoP, whose 
electrochemical and structural properties are required to be tuned to transfer electrons to 
the high-spin heme of the active site, serves as an electron entry site and perturbations of 
the heme c resulted in the inhibition of the enzyme activity (16, 24, 26)(Han’s thesis).  In 
addition, the entrance of the proton channel, required for fast proton uptake from the bulk 
solution, was shown to be located in the cytoplasmic side of the transmembrane helices 
of the CcoP subunit (16, 26). Thus, the accurate positioning of CcoP is critical for 
enzyme functioning since CcoP is primarily involved in both electron and proton transfer. 
In addition, our results show that CcoP subunit also contributes to the stability of the cbb3 
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enzyme complex against thermal denaturation. It was reported previously that the CcoNO 
subcomplex is susceptible to degradation compared to the mature enzyme complex (24). 
Similarly, the removal of subunit III from R. sphaeroides aa3 oxidase causes “suicide 
inactivation” inhibiting cytochrome c activity and also perturbs the normal proton exit 
pathway (27, 28) 
“loop O” connecting CcoN, CcoO and CcoP: It is reasonable to hypothesize 
that the B- and C- families share a same element to control proton transfer since both of 
them use a single proton pathway for the substrate and pumped protons (16, 29). 
However as previously reported, only some of mutants (e.g. H376A, H376D and D372E) 
in the T. thermophilus ba3 presented a structural perturbation inhibiting the enzyme 
activity, whereas many other mutants (e.g. H376N/Y and D372I/A/V/N) retained high 
enzyme activity and proton pumping (3). The different effects are most likely resulted 
from the “loop O” component of CcoO (segment 64 to 118 in the CcoO), which is a 
stretch of the CcoO polypeptide that is in contact with the heme components within CcoN 
as well as portions of the interface with the hydrophilic domain of CcoP (Figure 5.6) 
(15). This extended interface, where the electron and proton pathways, and the O2 
reduction site coincide, is exclusively found in the C-family HCOs so that it might 
generate a different proton pumping mechanism (15). Since the putative proton loading 
site (N337/H341) contacts with the loop O connecting the interface of subunits N and O, 
as well as CcoP, the alteration of each of H341, N337 and E327 might initially induce the 
change of the interaction with the loop O which is in turn transmitted to CcoP resulting in 
the disassembly of CcoP. Consequentially, the removal of CcoP subunit might reasonably 
be expected to alter the protein conformation surrounding the remaining hemes in the 
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CcoNO subcomplex.  
Interestingly, R59Q exhibited the loss of CcoP with 3% of the WT activity, 
although R59 is neither located adjacent to the proposed exit pathway nor connected to 
the loop O. It was found that R59 interacts with a highly conserved (84%) E68II from 
CcoO in the interface between CcoN, CcoO and CcoP. Thus R59Q might specifically 
destabilize the interface between CcoN and CcoO, which readily induces structural 
alteration between CcoNO and CcoP. This result supports that the conformational change 
in CcoN contacting CcoO, could be transmitted to CcoP via CcoO resulting in the 
dissociation of CcoP subunit from the enzyme complex and consequential inhibition of 
catalytic activity. It was shown that CcoNOQP complex is assembled a stepwise manner 
through the interaction between preassembled subcomplexes CcoNO and CcoQP (30). 
Thus, conversely, it is postulated that the dissociation of subcomplex CcoQP might be 
induced first when the enzyme complex is destabilized.   
Role of a putative catalytic triad: Of particular interest is a unique triad 
structure, where E327 forms a hydrogen bond to the backbone of H349, is further 
hydrogen-bonded to side chains of W345 and W404, that activates the high-spin heme b3 
is exclusively found in the C-family HCOs (15) (Figure 5.1C). Remarkably, residue 
E327, which is found in the proton route toward the suggested PLS for proton pumping, 
appears to be also involved in the catalytic reaction in the active site. Replacement of 
E327 by A or Q exhibited negligible enzyme activity along with similar conformational 
alterations to that observed in the H341 and N337 mutants, whereas E327D retained the 
WT-like phenotype with high enzyme activity (Table 5.2). Thus, the results suggest that 
the geometric and electrostatic properties of the active site heme might be regulated by 
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the hydrogen bond interaction in the mimicking triad connection consisting of H349, 
E327 and W345 (W404). This is consistent with previous results that the unusually low 
midpoint potential of the active-site heme b3, possibly due to E383Rs residue, was 
observed in the R. sphaeroides cbb3 (31, 32). Similar behavior has been reported for the 
active site of peroxidase enzyme (33). Collectively, we demonstrate that E327 is involved 
in modulation of the active site heme for both oxygen reduction chemistry and the proton 
pumping process.  
Our findings demonstrate that the perturbations of enzyme introduced by the 
mutations on the proposed proton exit pathway (Y321, E327, N337 and H341) are a 
result of the disruption of the extended H-bonding network. However the conformational 
link between the proposed exit pathway and the CcoP, as well as active site, indicates a 
crucial role played by the suggested proton exit pathway for proton pumping mechanism 
of the C-family HCO.  
 
 
  
 136 
5.5. Figures and Tables 
 
Figure 5.1. Structure of cytochrome cbb3 from P. stutzeri. (A) Ribbon structure with the 
CcoN, CcoO and CcoP in pink, green and blue, respectively. Heme b and heme b3 are 
highlighted along with the residues around heme b and heme b3. (B) The closer view of 
the area displaying residues adjacent to the heme b3 and b propionate group which is 
studied in this work. (C) The side view of an enlargement of the region around the 
suggested proton exit pathway with the residues under investigation in the study. The 
structure is that of PDB 3MK7 from P. stutzeri (15) but the residue numbering is that 
from V. cholerae. Displayed water molecules are among those modeled using the 
DOWSER program. 
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Figure 5.2.  UV-visible optical spectra of the fully-reduced minus air-oxidized difference 
spectra of V. cholerae cbb3 WT and mutant variants. Experimental conditions: The buffer 
used was 50mM sodium phosphate, 100mM NaCl with 0.05% DDM detergent at pH8.0. 
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Figure 5.3. SDS-PAGE analysis of the wild type cytochrome cbb3 and mutants (A) SDS-
PAGE gel stained with Coomassie Brilliant Blue (B): SDS PAGE gel stained with 3,3’, 
5,5’-tetramethyl benzidine (TMBZ) and H2O2 to identify a covalently bound heme c. 
Denatured subunit CcoN, CcoO and CcoP showed up on SDS gel at ~53.5kDa, 23.5kDa 
and 35.7kDa respectively. Lane assignments: M, marker; 1, wild type; 2, N337L; 3, 
H341S; 4, E327A  
  
!!!!M!!!!!!!1!!!!!!!!2!!!!!!!!3!!!!!!!!4!!!!!!!!!!M!!!!!!1!!!!!!!2!!!!!!!3!!!!!!!!4!
kDa!!!!!!!!!!!250!–!!!
150!–!!!100!–!!
75!–!!!!!!
50!–!!!!!
37!–!!!!!
25!–!!!20!–!!
!!15!–!!
 139 
 
Figure 5.4. Thermal stability of the V. cholerae cbb3 wild type, H341S, N337L and 
S244L. The size distribution profile (Z-average size) of enzymes was determined using 
Dynamic light scattering (DLS) technique while varying the temperature. The V. 
cholerae cbb3 wild type, H341S, N337L and S244L is shown in black, green, red and 
blue. The traces have been shown from 20 to 60 °C for better comparison.  
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Figure 5.5A. CO-recombination kinetics following flash photolysis of the fully reduced 
wild type cbb3 and mutants, studied at 430 nm. Two major phases are observed after a 
laser flash dissociates CO at t=0. The rapid decrease of the absorption and slow increase 
in absorbance correspond to CO recombination to the heme c and to the heme b 
components of the enzyme, respectively. (A) The cbb3 variants, E327A, H341S, N337L  
and  N337L-Y321F, exhibiting no CO-recombination to heme b3 , compared to the wild 
type  
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Figure 5.5B. The cbb3 variants, E327D and W345L, exhibiting faster CO-recombination 
to heme b3, compared to the wild type.  Experimental conditions: 4 to 5uM V. c. cbb3 
enzyme, 50 mM Hepes, 50mM KCl, 0.03% DDM, 3 µM PMS, 3mM ascorbate, about 
100 µM dithionite and 1 mM CO at pH 7.4 and 298K. 
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Figure 5.6. Structure of cytochrome cbb3 from P. stutzeri. Schematic views of loop O of 
cytochrome cbb3. Subunit I (CcoN), subunit II (CcoO) and subunit III (CcoP) are shown 
in pink, green and blue, respectively. The red ribbon represents loop O from residue 64 to 
118 in CcoO. The loop O contacts to heme b, heme b3, Ca2+ and several residues from 
CcoO. The structure is prepared by using PDB 3MK7 from P. stutzeri (15) but the 
residue numbering is from V. cholerae. 
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Table 5.1. Conserved residues in hemes b area of the C-family HCO 
 
 
 
 
 
  
Residue Conservation (%) Functional role 
 
Superfamily 
conservation 
 
Y321 100 K-channel C-family 
R61 99 H-bond to propionate-A and -D of heme b C-family and cNOR 
R441 97 H-bond to propionate-D of heme b C-family and cNOR 
N337 92 H-bond to propionate-A of heme b3 C-family 
H341 99 H-bond to propionate-A of heme b3  in bidentate manner Most HCOs 
E327 >90 H-bond to H349, ligand of heme b3   C-family 
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Table 5.2. Comparison of the properties of the WT and cbb3 mutant enzymes 
 
Mutants 
Turnover % 
(e-/sec cbb3) 
Association of 
CcoP with 
CcoNO 
Heme c : b 
WT 100 (200e-/sec) + 3.3 : 2 
Y321F <1 + 3.1 : 2 
Y321A 3 + N/D 
Y321E 3 − N/D 
R59K 80 + 1.8 : 2 
R59Q 3 − 0.7 : 2 
R61K 71 + 2.7 : 2 
R61Q 11 + 3.0 : 2 
R441K 70 + 4.0 : 2 
R441Q N/A N/A N/A 
H341A 0 − 0.7 : 2 
H341D 0 − 0.6 : 2 
H341F <1 − N/D 
H341Y 0 − 0.9 : 2 
H341S 4±1 − N/D 
N337D <1 − 1.0 : 2 
N337L 2 − 1.2 : 2 
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Table 5.2 (cont.) 
 
   
N337I 2 − 1.1 : 2 
H341F/Y321F 0 − N/D 
H341S/Y321F 0 − N/D 
N337L/Y321F 9 − N/D 
E327D 45 + N/D 
E327A <1 − N/D 
E327Q <1 − N/D 
W345L 63 + N/D 
W404L 16 + N/D 
W345L/W404L 7 + N/D 
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CHAPTER 6: THE TWO TRANSMEMBRANE HELICES 
OF CCOP ARE SUFFICIENT FOR ASSEMBLY OF THE 
CBB3-TYPE HEME-COPPER OXYGEN REDUCTASE 
FROM VIBRIO CHOLERAE  
6.1. Introduction 
The vast majority of aerobic respiration by both prokaryotic and eukaryotic 
organisms is catalyzed by enzymes that are part of the superfamily of heme-copper 
oxidoreductases.  This superfamily includes both heme-copper O2 reductases (HCOs) as 
well as NO reductases (NORs).  The HCOs are the terminal enzymes in the aerobic 
respiratory chains of most aerobic prokaryotes and virtually all eukaryotes.  Of particular 
importance is that the HCOs are proton pumps that generate a proton motive force, thus 
conserving the substantial free energy available from the reaction in which O2 is 
converted to water. 
The HCOs have been categorized to 3 major subfamilies based on structural and 
phylogenetic analysis (A-, B- and C-families)(1). The C-family HCOs, also known as 
cytochrome cbb3, are most often expressed in bacteria growing under conditions of low 
aeration.  The bacteria in which cytochrome cbb3 plays a significant physiological role 
include a number of human pathogens, some of which rely solely on cytochrome cbb3 for 
aerobic respiration.  These enzymes, although capable of pumping 4 H+/O2 (2), under 
some circumstances pump protons less efficiently in vivo. (3).  
The C-family HCOs share one homologous subunit with other heme-copper O2 
reductases (1, 4), often referred to as subunit I or, in the case of cytochrome cbb3, CcoN.  
As in all the HCOs, subunit I contains a low spin heme as well as the heme-copper 
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binuclear active site where O2 binds and is reduced to water.  In the case of the cbb3-type 
oxygen reductases (C-family enzymes), the low spin and high spin hemes are both heme 
B (protoheme IX).  The active-site heme in all other HCOs (A-family and B-family) 
appears to be variants of either heme O or heme A. Subunit I in all HCOs contains 
channels leading to the heme-copper active site for the delivery of O2 and for protons (3).  
There is only one proton input channel for the C-family HCOs (the KC-channel)(4), 
whereas the A-family HCOs, which include the mitochondrial cytochrome aa3, have two 
proton-delivery channels (K-channel and D-channel) (3). 
With one exception, all the biochemically characterized C-family HCOs have four 
subunits, CcoN, CcoO, CcoP and CcoQ, encoded by the ccoNOQP operon.  These 
include the enzymes isolated from P. stutzeri (4, 5), R. sphaeroides (6), R. capsulatus  
(7), P. denitrificans (8), B. japonicum (9), R. marinus (10) and V. cholerae (11).  The 
exception is one of the two cbb3-type HCOs from P. stutzeri (5), in which the CcoQ 
subunit is absent.  The role of the CcoQ subunit is not clear, but it may be important for 
enzyme stability in at least some cases (12, 13). The X-ray structure of one of the variants 
of cytochrome cbb3 from P. stutzeri has been determined (4), showing how these subunits 
are arranged in the complex (Figure 6.1).   
Whereas CcoN, with 12 transmembrane helices, is homologous to subunit I in the 
A- and B-family HCOs, the CcoO, CcoP and CcoQ subunits share no similarity with 
subunits found in A- or B-family HCOs. Subunits CcoO, CcoP and CcoQ each contain at 
least one but no more than two transmembrane helices.  CcoO contains a hydrophilic 
domain with one heme c, which is that immediate electron donor to the low spin heme b. 
CcoP in most cases contains two hemes c, but in some enzymes one or three, which 
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provide the “electron wire” directing electrons from periplasmic electron donors to the 
heme c in CcoO.  CcoQ is not required for either assembly or catalytic activity of the 
cytochromes cbb3 from either R. sphaeroides (14) or from B. japonicum (15). However, 
CcoQ has been shown to be important for stabilizing the interaction between CcoP and 
the core complex CcoNO in the enzyme from R. capsulatus (12).  
A number of bacterial genomes encode putative variants of cytochrome cbb3, 
which include only CcoN and CcoO, presumably representing a minimal 2-subunit core 
required for function (16).  This is consistent with observations that subcomplexes of the 
cytochromes cbb3 from B. japonicum and from P. denitrificans that contain only CcoN 
and CcoO retain at least a small amount of TMPD oxidase activity (15, 17). On the other 
hand, the assembly of the CcoNOQP complex as an active enzyme requires the CcoP 
subunit (15, 18, 19). 
Just downstream of the ccoNOQP operon in many bacterial genomes is a second 
gene cluster, ccoGHIS, which encodes proteins required for the assembly of the 
cytochrome cbb3 (7, 12, 15, 18, 20, 21).  CcoG, CcoI and CcoS all play roles in the 
maturation of the CcoN subunit of cytochrome cbb3 (22), and are proposed to be either 
necessary for or assist in the insertion of the two hemes b (CcoS) (20) or CuB (CcoI, 
CcoG) (20-22).  CcoH appears to be necessary for the assembly of the final active 
CcoNOQP complex from two pre-assembled complexes, CcoNO and CcoQP (18, 22).  
Crosslinking and immunoprecipitation studies show that CcoH interacts with CcoP 
primarily via interactions with the single transmembrane span of CcoH (23).  A second 
interaction of CcoH with the CcoNO complex also has been shown (23) as well as an 
interaction with the mature CcoNOQP complex (5).  Hence, it is possible that CcoH is an 
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authentic subunit of the mature enzyme, but is readily lost upon purification (23).  In the 
absence of CcoH, neither the active cytochrome cbb3 nor the CcoNO or CcoQP 
subcomplexes can be detected in the membranes of R. capsulatus (23). 
The current work tests the model that the assembly of cytochrome cbb3 might 
only require interactions between CcoH with the transmembrane domain of CcoP by 
truncating the C-terminal hydrophilic domain of CcoP from the cytochrome cbb3 from 
Vibrio cholerae.  The results confirm that the truncated CcoNOQPX is assembled and is 
stable, and retains about 10% of the TMPD oxidase activity of the wild type enzyme.  
6.2. Materials and method 
6.2.1. Site-directed Mutagenesis and Protein Purification 
The mutations were constructed using QuikChange site-directed mutagenesis kits 
from Stratagene. DNA oligonucleotides were synthesized at Integrated DNA 
Technologies. Sequence verification of the mutagenesis product was performed at the 
Biotechnology Center at the University of Illinois at Urbana-Champaign. The expression, 
purification, and characterization of the V. cholerae cbb3 wild type and mutants was 
performed as previously described (11, 33). 
6.2.2. Isolation and Characterization of soluble CcoP (CcoPsol) 
To amplify the periplasmic domain of ccoP gene (141-326 aa), forward and 
reverse primers were designed to introduce HindIII and BamHI sites, respectively, which 
facilitated cloning into the expression vector pET-17b to yield a new construct, 
pETsolCcoP(Apr): 5’-CCCAAGCTTCAGACCACTAACTTACGCGAAATCC-3’ 
(forward primer) and 5’-CGGGATCCTTACTTATTCTCTGAGTTGCTTAAGCTC-3’ 
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(reverse primer). The modified signal peptide of cytochrome c550 from Thiobacillus 
versutus was introduced before N-terminal of the operon ccoPsol and expressed 
successfully in E. coli BL21(DE3), which also contains pEC86(Cmr), yielding a soluble 
CcoP. DNA sequencing (Biotechnology Center at the University of Illinois at Urbana 
Champaign) confirmed that the insert was identical in sequence to the periplasmic 
domain of CcoP. Condition of cell growth and enzyme expression were previously 
described (26). The cells were grown in 1L of LB medium, supplemented with 100 µg/ml 
ampicillin and 30 µg/ml chloramphenicol, in a 2.8 L Fernbach flask at 37  °C and 100 
rpm, and the gene expression is induced with 1mM ITPG when OD600 is about 0.6-1.0. 
The cells were harvested at 4  °C by centrifugation at 8,000×g for 10 min. The soluble 
extract was prepared as previously described in (26). Crude extract was loaded onto CM-
52 cellulose column (Whatman) preequilibrated with 25mM Tris-HCl buffer (pH 7.5) and 
the adsorbed proteins from column were eluted with linear gradient of NaCl from 0 to 1 
M. Partially purified protein fractions were purified further by the DEAE–Sepharose 
column as described above. Purified fractions of the CcoPsol were concentrated (200-300 
uM) using concentrator (Amicon) with YM-10 membranes and stored at -80°C after 
flash-frozen in liquid nitrogen. 
6.2.3. Thermal stability measurements 
Dynamic light scattering (DLS) techniques were applied to measure the size 
distribution (Z-average size) of enzymes while varying temperatures (DLS, Malvern 
Zetasizer Nano ZS90, Malvern instruments Ltd., U.K.). Increase in Z-average size with 
DLS exhibits increase in the size of enzymes resulting from the formation of aggregate 
enzymes due to protein denaturation. 3 individual DLS Data points were collected at each 
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2.5°C increment between 4°C and 65°C, and the experiments were repeated twice for 
each sample. For the measurement, 5 µM of the cbb3 variants were prepared in 50 mM 
NaPi buffer, 100 mM NaCl and 0.05% dodecyl β-d-maltoside(DDM) at pH 8.0.  
6.2.4. Steady-state Activity 
Steady-state activity was measured with a YSI model 53 oxygen monitor. For the 
TMPD oxidase activity, the reaction mixture contained buffer (50 mM NaPi, 100 mM 
NaCl and 0.05% DDM at pH 6.5), 10 mM ascorbate and 500 µM TMPD as previously 
described (25). The pH dependence of the TMPD enzyme activity displays only data 
between pH 6.5 and pH 9.0 since below pH 6.5 the enzyme activity was decreased. For 
the measurement of cytochrome c enzyme activity, the cytochrome cbb3 wild type and the 
NOQPX were tested respectively using 20 mM ascorbate in combination with either 50 
µM of the V. cholerae cytochrome c4 or 50 µM of the CcoPsol under the same buffer 
conditions as for the TMPD enzyme activity assay.  
6.2.5. Reconstitution of the V. cholerae cbb3 enzyme into phospholipid vesicles 
Cytochrome c oxidase vesicles were produced by reconstituting the V. cholerae 
cbb3 into small unilamellar phospholipid vesicles, and detergent was removed by Bio-
beads (BioRad) essentially as in (34). Asolectin (Sigma) (80mg/ml) was mixed with 2% 
cholic acid in 100 mM Hepes at pH 7.4 and then sonicated using a model W-375 
sonicator (Heat Systems-Ultrasonics, Inc.) on ice under a stream of Argon gas. The cbb3 
oxidase was added to the sonicated lipid/cholate mixture to a final concentration of 1 µM. 
Bio-beads (66 mg/mL) were added to the enzyme mixture every 30min for 4 hours at 4 
°C with agitation. After adding 100mM Hepes buffer (0.5 mL per mL of mix), bio-beads 
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were added every 30 minutes for another 3 hours (133mg/mL during the first two hours 
and 266 mg/mL during the last hour) at room temperature. The proteoliposomes were 
dialyzed overnight against 60mM KCl.  
6.2.6. CO-Flash-Photolysis  
The enzyme samples were prepared as previously described (25). Briefly, the 
enzyme at a concentration of ~5 μM was transferred to a modified anaerobic cuvette and 
the atmosphere was exchanged to N2 on a vacuum line. The enzyme was completely 
reduced by addition of 2 mM ascorbate and 2 μM phenazine methosulphate (PMS). 
Then, N2 was exchanged for CO so that anaerobic incubation in CO results in formation 
of fully reduced CO-bound cbb3 oxidase. The CO-ligand was photolyzed by a 10 ns laser 
flash at 532 nm (Brilliant B, Quantel), followed by detection of absorbance changes by an 
apparatus from Applied Photophysics (35).  
6.2.7. Flow-Flash measurements 
Flow-flash Measurements were performed using a modified stopped-flow 
apparatus (Applied Photophysics, Surrey, U.K.) and data analyzed as described in (24, 
36). The enzyme solution (50 mM Hepes, 50 mM KCl, 0.03% DDM and 50 µM EDTA 
at pH 7.4) was rapidly mixed in a 1:5 ratio with an O2-saturated buffer, and the reaction 
with O2 was initiated by flash photolysis of the CO-enzyme complex approximately 200 
ms after mixing. The kinetics was monitored optically as absorbance differences at single 
wavelengths.  
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6.2.8. Resonance Raman spectroscopy 
The resonance Raman spectra were obtained as previously described (37). Briefly, 
the 413.1 nm excitation from a Kr ion laser (Spectra-Physics, Mountain View, CA) was 
focused to a ∼30 µm spot on the spinning quartz cell rotating at ∼1000 rpm. The 
scattered light, collected at a right angle to the incident laser beam, was focused on the 
100 µm-wide entrance slit of a 1.25 m Spex spectrometer equipped with a 1200 
grooves/mm grating (Bausch & Lomb, Analytical Systems Division, Rochester, NY), 
where it was dispersed and then detected by a liquid nitrogen-cooled CCD detector 
(Princeton Instruments, Trenton, NJ). A holographic notch filter (Kaiser Optical Systems, 
Ann Arbor, MI) was used to remove the laser line. The Raman shifts were calibrated with 
indene. The concentration of enzyme was 50 μM.  The laser powers used for all Raman 
measurements are indicated in the captions. 
6.3. Results 
6.3.1. Expression of the truncated cytochrome cbb3 
Figure 6.1 shows the gene constructs that were examined in this work.  The wild 
type enzyme from V. cholerae is encoded by the ccoNOQP operon (Figure 6.1A) which 
yields the 4-subunit CcoNOQP cytochrome cbb3 (Figure 6.1B).  For the current work, all 
the constructs included a His-tag at the C-terminus of CcoN to facilitate purification.  The 
CcoP subunit has two transmembrane helices and large hydrophilic domain which lies on 
the top of the enzyme (facing the periplasm). CcoO has a single transmembrane domain 
and a hydrophilic domain that is sandwiched between CcoN and CcoP.  When the ccoP 
gene is deleted from the operon, expression of the remaining ccoNOQ does not result in 
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any detectable enzyme in the membranes of V. cholerae.  The hydrophilic domain of 
CcoP is connected to the transmembrane helices by a long helical linker from Q89 to 
A136 (4).  Stop codons were inserted either just after Q89 or after Q109, and the operons 
ccoNOQP89X and ccoNOQP109X were expressed.  Each yielded truncated variants of 
cytochrome cbb3 in yields comparable to the wild type enzyme, and the truncated 
enzymes, CcoNOQP89X and CcoNOQP109X, were stable and could be purified and 
examined.  Since the two truncated versions appeared to be identical, only the version 
truncated after Q89 was examined in detail.  This will be referred to either the truncated 
enzyme or CcoNOQPX.  It is evident that the hydrophilic domain of CcoP is not required 
for the assembly or stability of cytochrome cbb3. 
6.3.2. Subunit and heme analysis 
Figure 6.6 shows the SDS-PAGE analysis of the purified wild type and 
CcoNOQPX.  When stained with Coomassie blue, CcoN, CcoO and CcoP are apparent in 
the wild type enzyme at 57 kDa, 23 kDa and 34 kDa (Figure 6.6A).  The small subunit 
CcoQ is not observed.  In contrast, the band corresponding to CcoP is missing from the 
truncated version of the enzyme.  Similarly, when the bands are visualized using a stain 
for the covalently bound heme c, both CcoO and CcoP are evident in the lane with the 
wild type enzyme, but only CcoO is in the lane with the truncated enzyme (Figure 6.6B).  
The remaining transmembrane fragment is expected to be present in the CcoNOQPX 
enzyme having a molecular weight of 9.7 kDa and is not observed in the gel.   
A pyridine hemochrome analysis was performed on the preparations of both the 
wild type and truncated enzyme to quantify the heme contents.  The results showed the 
expected heme b:heme c ratio of 2:3 for the wild type enzyme, and a heme b:heme c ratio 
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of 2:1 for the truncated cytochrome cbb3.   
In order to verify the presence of the small, hydrophobic fragment of CcoP89X in 
the preparation of CcoNOQPX, the His-tag was moved from subunit CcoN to the C-
terminus of CcoPX, following residue W88.  The CcoNOQP89His enzyme was expressed 
and purified using the Ni-affinity resin. The isolated enzyme contained CcoO and CcoN, 
demonstrating that the transmembrane domain of the CcoPX remains attached to the 
truncated cytochrome cbb3. 
6.3.3. Thermal stability  
Dynamic light scattering (DLS) was used to monitor thermal denaturation of the 
proteins as the temperature was increased from 4 °C to 65 °C. Protein denaturation results 
in aggregation which is observed by DLS as an increase in the “Z-average” parameter. 
Figure 6.2 displays that the Z-average starts to increase at ~42°C for both the wild type 
and CcoNOQPX indicating that the thermal stability of the truncated cytochrome cbb3 is 
similar to that of the wild type.  
6.3.4. Steady state kinetics   
The steady state oxygen reductase assay was performed using the artificial 
electron donor TMPD.  The wild type enzyme has a turnover of about 200 e-/sec and the 
CcoNOQPX enzyme retains about 9% of this activity (18 e-/sec) (Table 6.1).  TMPD is 
often used as a reductant for cytochrome c-dependent enzymes, and the truncated 
cytochrome cbb3 still retains a cytochrome c in the remaining CcoO subunit.  The low 
activity is likely due to the fact that the heme c in the CcoO subunit is buried within the 
subunit and not readily accessed by the TMPD molecules in solution.  The activity of the 
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truncated enzyme (CcoNOQP89His) isolated by the His-tag located at the C-terminus of 
CcoPX has higher specific activity, about 15% of the wild type value, suggesting that 
perhaps there is a portion of the preparation of the truncated enzyme isolated by the His-
tag on CcoN which is inactive due to the loss of the transmembrane helices of CcoP 
subunit from the truncated CcoNOQPX.   
The KC-proton channel that is required to deliver protons to the active site for 
catalytic function has its entrance, E49, within the remaining hydrophobic domain of 
CcoPX (24, 25).  Mutation of this residue (E49A) in the full-length V. cholerae 
cytochrome cbb3 reduces the TMPD oxidase activity to 10% of the wild type value (24, 
25).  The same mutation, E49A, in the CcoNOQPX variant reduces the activity from 9% 
to less than 3% of the wild type activity. The data suggest that the proton input to the 
active site in the truncated CcoNOQPX is the same used by the wild type enzyme.  
The E49A mutant has a shifted pH-dependence of the TMPD oxidase activity 
(Figure 6.8), with a maximum at about pH 7.4, whereas the activity of the wild type 
enzyme increases at lower pH values.  The pH-dependence of the activity of the truncated 
enzyme is similar to that of the wild type, consistent with the truncated enzyme using the 
same proton delivery channel as the wild type. 
The delivery of protons to the active site of the enzyme through the KC-channel 
leads to the expectation that the truncated cytochrome cbb3 should generate a voltage 
across the membrane during catalytic turnover.  This is due to the fact that electrons are 
provided from the periplasmic side of the membrane (from TMPD via CcoO for the 
truncated enzyme) whereas protons are from the opposite side of the membrane, 
corresponding to the cytoplasm in vivo.  This prediction was tested by measuring the 
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TMPD oxidase activity of the wild type and truncated enzymes reconstituted in 
proteoliposomes.  This should generate a transmembrane voltage (proton motive force) 
that will act to slow the rate of enzyme catalysis.  Addition of a protonophore will 
collapse the proton motive force and, therefore, result in increased enzymatic activity.  
The activities of the enzymes in proteoliposomes were measured in the absence 
(controlled activity) or presence (uncontrolled activity) of a protonophore.  The steady 
state activity increased in the presence of a protonophore for both the wild type and 
truncated enzymes (Table 6.2).  The ratio of uncontrolled/controlled activity, known as 
the respiratory control ratio (RCR), is about 4 for the wild type enzyme and 2.7 for the 
CcoNOQPX enzyme.  Hence, catalysis by the truncated enzyme generates a charge 
separation across the bilayer.   
6.3.5. Expression of the hydrophilic domain of CcoP and its efficiency as an electron 
donor to the truncated cytochrome cbb3  
Using the same protocol used for the expression of V. cholerae cytochrome c4 
(26), the hydrophilic domain of CcoP (denoted CcoPsol) was expressed (Figure 6.7).  
CcoPsol was reduced and tested as a reductant for steady state activity with the truncated 
cytochrome cbb3.  No oxygen reductase activity was observed using concentrations of 
CcoPsol up to 50 μM (Figure 6.3), suggesting that the binding affinity of the hydrophilic 
domain of CcoP is very low and the majority of the interaction free energy between CcoP 
and the CcoNO complex must be mediated through the membrane domains. Furthermore, 
the truncated enzyme exhibits no activity using the natural electron donor, the reduced 
cytochrome c4, either in the presence or the absence of CcoPsol.  Not surprisingly, the 
periplasmic domain of CcoP is necessary for the functional interaction of cytochrome c4. 
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6.3.6. Spectroscopic characterization of the hemes  
Despite the normal subunit assembly and stability of the native and truncated 
enzymes, a perturbation at the active site due to the truncation can be deduced by 
spectroscopic examination of the enzymes. Figure 6.6C shows that there is a small but 
reproducible red shift in the Soret band of the oxidized form of the truncated enzyme 
from 411 nm to 413 nm. This is likely due to the absence of the two heme c’s from CcoP. 
There is also a change in the absorption due to the addition of CO to the dithionite-
reduced truncated enzyme. The observed changes at 559 nm but not at 551 nm suggest 
CO binding to the truncated enzyme at heme b3 but not to the remaining heme c.   
The hemes were further characterized by resonance Raman spectroscopy. The 
oxidized truncated enzyme is substantially photoreduced when exposed to the laser beam 
during resonance Raman measurements to a much greater extent than the oxidized wild 
type enzyme (Figure 6.9B). This is shown by the presence of a large contribution at 1363 
cm-1 in the spectrum from the truncated enzyme (Spectrum a in Figure 6.9B) compared 
to the weaker contribution in the wild type enzyme (Spectrum b). The 1362-1363 cm-1 
band shown in spectra e and f in Figure 6.9B originates from the fraction of the enzyme 
that has been fully reduced. For both the wild-type and truncated enzymes, subtraction of 
the appropriate amount of the spectrum of the reduced enzyme from that of the oxidized 
enzyme so as to eliminate the band at 1363 cm-1 reveals nearly identical spectra 
corresponding to that of the fully oxidized enzymes (Spectra c and d in Figure 6.9B).   
Spectra e and f in Figure 6.9A show the low frequency spectra of the reduced 
enzymes.  The 675 cm-1 band is assigned to heme b and the 686 cm-1 band to heme c. The 
band at 686 cm-1 is stronger in the wild-type enzyme due to the presence of the two 
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additional heme c units. The relatively large contribution from the line at 688 cm-1 in the 
spectrum of the oxidized enzyme suggests that the photoreduction occurs primarily in the 
heme c moieties rather than in the heme b. The greater photoreduction in the truncated 
enzyme may indicate a higher redox potential of the remaining heme c in CcoO, 
consistent with the slower oxidation of heme c observed in the single-turnover 
experiments with the truncated enzyme (see Figures 6.5A and 6.5C).    
In addition to vibrational modes of the porphyrin macrocycles in the resonance 
Raman bands in the 200−800 cm
-1
 range, modes associated with Fe-ligand motions along 
the axis normal to the heme are also present. The CO adducts of heme proteins exhibit 
Fe−C−O vibrations in the 400−600 cm
-1
 region. Figures 6.10A and 6.10B show the low- 
and high-frequency regions, respectively, of the CO-bound forms of the dithionite-
reduced enzymes. In order to determine the spectra of the isolated components we have 
subtracted the spectra of the dithionite-reduced enzyme from those of the CO-bound, 
dithionite-reduced forms. Note that in the truncated enzyme this should represent 
c2+b2+b3-CO minus c2+b2+b32+ (5C), where the b32+ (5C) designates the five-coordinate 
reduced heme b3. For the wild-type enzyme, the difference spectrum can be represented 
as c2+c2+c2+b2+b3-CO minus c2+c2+c2+b2+b32+ (5C). The contributions from the reduced 
heme c2+ and heme b2+ cancel out of the difference spectra leaving a spectrum of b3-CO 
minus b32+(5C) but the b32+(5C) makes no contribution to the difference spectrum as it is 
not enhanced with the 413.1 nm excitation leaving in Spectrum c which we assign as that 
of pure b3-CO. However, the difference spectra of the wild-type and truncated enzymes 
are quite different (Figure 6.4, spectra a and c). The difference between these spectra is 
accounted for by realizing that in the wild-type cbb3 from P. stutzeri. CO has been 
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previously shown to bind to both heme b3 and to one of the heme c components of CcoP 
(27).  Since the truncated enzyme lacks the heme c components of CcoP, it is not 
surprising that the spectroscopic features of CO binding to heme c are absent in the CO-
bound minus reduced difference spectrum of the truncated enzyme. By subtracting the 
Spectrum c, the b3-CO spectrum, from Spectrum a, we obtained Spectrum b, which we 
assign as the pure spectrum of heme c2+-CO. This fully accounts for the observed 
spectroscopic differences between spectra a and c in Figure 6.4.   
6.3.7. CO recombination kinetics   
One test of the integrity of the heme b3/CuB active site of the truncated enzyme is 
to determine the kinetics of recombination of CO following photolysis of CO bound to 
the active site of the fully reduced enzyme.    Monitoring the photolysis/rebinding process 
at 430 nm includes CO binding to heme b3 component of the enzyme. Figure 6.11A 
shows that the wild-type and truncated variations of the dithionite-reduced enzyme rebind 
to CO to a similar extent and with similar kinetics. The rate of CO recombination to heme 
b3 is the same for the wild type and the truncated variants; ~450 s-1 (Figure 6.11A) 
suggesting that the truncation does not greatly perturb the rate of CO rebinding to the 
active site after being photolytically expelled into solution. The results indicate no 
substantial conformational change around the active site due to the truncation.  
The CO recombination kinetics data were complicated by the presence of a 
second component.  This has been previously observed with the wild-type enzymes from 
both P. stutzeri and R. sphaeroides and shown to be due to CO rebinding to one of the 
heme c components of CcoP (27, 28).  The presence of the second kinetic component of 
CO recombination in the truncated enzyme (Figure 6.11A and B) cannot be due to flash-
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induced dissociation of CO from the remaining heme c in CcoO, since the resonance 
Raman spectroscopy (Figure 6.4) and the UV-visible spectroscopy (Figure 6.6C) show 
no evidence of CO binding to heme c.  This kinetic feature is instead likely due to 
photodissociation of a labile axial ligand from heme c in CcoO, which is followed by 
either rebinding of the endogenous ligand or CO. Similar behavior has been reported for 
other heme proteins (29-31).  
6.3.8. Single-turnover reaction of the fully reduced enzyme with O2 
To further evaluate the properties of the truncated cytochrome cbb3, the kinetics 
of the reaction of the fully reduced enzyme with O2 was studied using the flow-flash 
technique. In this experiment, the CO-adduct of the fully reduced enzyme is rapidly 
mixed with O2 saturated buffer and then, prior to thermal dissociation of CO, the CO is 
expelled from the active site by photolysis. This allows O2 to bind to the active site, 
where it is reduced and the hemes are oxidized.  Heme b is monitored at 430 nm and 560 
nm whereas heme c is monitored at 420 nm and 550 nm. The results are shown in Figure 
6.5. 
For the wild type enzyme, the results show that both hemes b and hemes c are 
oxidized in a single phase with time constant τ	  ≈	  0.3 ms (k ≈ 3300 s-1)(32). This is shown 
for both hemes b (Figures 6.5B and D) and hemes c (Figures 6.5A and C).  The rate of 
oxidation of the hemes b in the truncated enzyme is similar to that of the wild type, τ	  ≈ 
0.3 ms (25) (Figures 6.5D), but the heme c component of the truncated enzyme is more 
slowly oxidized, with a time constant of τ	   ≈	  1 ms (k ≈ 1000 s-1) (Figure 6.5C). The 
amplitude of the reaction is significantly smaller for the truncated enzyme at 420 nm and 
550 nm, consistent with only one instead of two or three hemes c oxidizing.  
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6.4. Discussion 
The current work definitively shows that the final assembly of cytochrome cbb3, 
which is the addition of the CcoP subunit to the pre-assembled CcoNO “core”, does not 
require the hydrophilic diheme domain of CcoP.  The first 88 amino acids of CcoP from 
the V. cholerae enzyme are sufficient for the final assembly. These data complement the 
previous observation that the transmembrane portion of the assembly factor CcoH is 
required for the interaction with CcoQP and plays a critical part in the postulated 
stepwise assembly of the active enzyme (22, 23). The stepwise model of assembly 
proposes that 1) the pre-assembled CcoNO and CcoQP subcomplexes each bind to and 
are stabilized by the CcoH assembly protein, forming CcoNOH and CcoQPH, and then 2) 
the two sub-complexes are brought together initially by interactions between the CcoH 
subunits in each sub-complex, forming CcoNO(H)2QP. Loss of CcoH, possibly during 
purification, yields the final CcoNOQP active enzyme.   
Remarkably, the truncated CcoNOQPX cytochrome cbb3 is expressed in amounts 
similar to the wild type enzyme, is as stable as the wild type after purification (Figure 
6.2), and retains about 9% of the steady state oxygen reductase activity of the wild type 
enzyme using TMPD as the electron donor (Table 6.1). The absence of the hydrophilic 
domain of CcoP eliminates the docking site for the physiological electron donor, reduced 
cytochrome c4, which therefore does not act as a reductant for the truncated enzyme.  
Furthermore, the one remaining cytochrome c in the CcoO subunit of the truncated 
enzyme, is not readily accessible from solution (4) and is not rapidly reduced by the 
artificial electron donor TMPD.  The slow steady state activity of the enzyme (about 18 s-
1) is likely mostly due to the slow reaction of TMPD with the truncated enzyme. This is 
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confirmed by the rapid reaction of the fully reduced truncated enzyme with O2, indicating 
that steps during the catalytic cycle other than those observed during this single-turnover 
experiment must be rate limiting during steady state reaction of the truncated enzyme.  
Other than the slow kinetics of reduction of the enzyme during steady state 
catalysis due to the absence of the heme c components of CcoP, the truncation has only 
very subtle functional consequences. The remaining heme c associated with CcoO is 
more readily photoreduced, and one of the axial ligands appears to be more labile upon 
flash photolysis. It appears that the midpoint potential of this heme c is increased by 
removal of the hydrophilic domain of CcoP.   
In summary, the current work shows that the hydrophobic domain of CcoP is not 
only essential for rapid proton uptake through the KC-channel during catalysis, but is 
required for both the assembly and stability of cytochrome cbb3. The CcoH protein 
requires the hydrophobic domain of CcoP for the final assembly of the enzyme.  The 
hydrophilic domain of CcoP, in contrast, though it is required for electron transfer from 
the physiological electron donor, is not required either for the assembly or stability of 
cytochrome cbb3. 
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6.5. Figures and Tables 
 
Figure 6.1. The structure of modified versions of cytochrome cbb3 from Vibrio cholerae. 
(A) The ccoNOQP operon of V. cholerae and engineered variants used in this work. (B) 
The structures corresponding to the operons shown in Panel (A) based on the structure of 
the enzyme from P. stutzeri (4).  Subunit I (CcoN), subunit II (CcoO), subunit III (CcoP) 
and subunit IV (CcoQ) are shown in pink, green, blue and orange, respectively. CcoPX 
and CcoPSol  in ribbon structure represent the transmembrane helices of the CcoP and the 
soluble domain of the CcoP subunit, respectively. It is assumed that CcoQ is an integral 
part of the complex, though this has not yet been demonstrated. 
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Figure 6.2. Thermal stability of the truncated enzyme (CcoNOQPX) shown in red, 
compared to the wild type cytochrome cbb3, shown in black. The size distribution profile 
(Z-average size) of enzymes was determined using Dynamic light scattering (DLS) 
technique while varying the temperature. The traces have been shown from 25 to 57 °C 
for better comparison.  
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Figure 6.3. Comparison of the steady-state oxygen reductase activity of the wild type 
cytochrome cbb3 and the CcoNOQPX on various substrates. The enzyme activity of the 
truncated cbb3 was compared to that of wild type cbb3 on various substrates, 0.5 mM 
TMPD, 50 µM cytochrome c4 and 50 µM CcoPSol. Experimental conditions: 50mM NaPi, 
100mM NaCl, 10~20 mM ascorbate and 0.05% DDM at pH 6.5 and 25°C. 
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Figure 6.4. Resonance Raman difference spectrum (Spectrum a) of the CO-bound wild-
type enzyme (c2+c2+c2+b2+b3-CO) minus its reduced form (c2+c2+c2+b2+b32+(5C)), 
compared to the difference spectrum (Spectrum c) of the CO-bound truncated enzyme 
(c2+b2+b3-CO) minus its reduced form (c2+b2+b32+(5C)). The reduced five-coordinate heme 
b32+(5C) is absent from the difference spectra because it is not enhanced with the 413.1 
nm excitation and the reduced hemes c and the low spin heme b cancel out in the a and c 
difference spectra leaving only the spectra of the CO-bound species assigned as the heme 
b3-CO adduct in Spectrum c but here is an additional CO-bound species present in 
Spectrum a. When Spectrum c of the heme b3-CO species is subtracted from Spectrum a, 
Spectrum b is formed, which reveals the spectrum of a heme c-CO species. 
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Figure 6.5. Absorbance changes monitoring the reaction of O2 with the fully reduced wild 
type cbb3 and CcoNOQPX enzymes. The absorbance changes were monitored at (A) 420 
nm, (B) 430 nm, (C) 550 nm and (D) 560 nm. The absorbance decrease at 420 nm (A) 
and 550 nm (C) is associated with the oxidation of heme c, while the absorbance decrease 
at 430 nm (B) and 560 nm (D) is mainly due to the oxidation of low spin heme b. The 
solutions contained 1 to 2 μM of cytochrome cbb3, 50 mM Hepes, 50 mM KCl, 0.03% 
DDM and 1 mM O2 at pH 7.4 and 298K. Results with the wild type and the CcoNOQPX 
variant are shown in black and in red, respectively. A laser artifact at t=0 has been 
truncated for clarity.  
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Figure 6.6. Heme analysis of the wild type cytochrome cbb3 and the truncated 
CcoNOQPX (A): SDS-PAGE gel stained with Coomassie Brilliant Blue (B): SDS PAGE 
gel stained with 3,3’, 5,5’-tetramethyl benzidine (TMBZ) and H2O2 to identify a 
covalently bound heme c. Each lane contains ~10 μg of protein. In each panel, the lane 
1, 2 and 3 contains molecular weight markers, the wild type, and the truncated 
CcoNOQPX enzymes, respectively (C) UV-visible spectra of the air-oxidized, dithionite-
reduced and dithionite-reduced minus-air oxidized enzymes. The inset shows the α- and 
β-bands of the dithionite-reduced minus-air oxidized difference spectra. The buffer used 
was 50 mM Napi, 100 mM NaCl and 0.05% DDM at pH 8.0.  
 
 
 
 
kDa 
A B 
CcoN 
 
 
 
CcoP 
 
 
CcoO 
1       2        3 1       2        3 
C!
 173 
 
 
Figure 6.7. Characteristics of the purified CcoPsol. (A): SDS-PAGE gel stained with 
Coomassie Brilliant Blue (B): SDS PAGE gel stained with 3,3’, 5,5’-tetramethyl 
benzidine (TMBZ) and H2O2 to identify a covalently bound heme c. Lane assignment: M, 
molecular weight markers; Lane 1, CcoPsol (C) UV-visible spectra of the ferricyanide-
oxidized (dotted line) and dithionite-reduced (solid line) forms of CcoPsol from V. 
cholerae. The buffer used was 50mM sodium phosphate and 100 mM NaCl at pH 8.0. 
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Figure 6.8. pH dependence of the steady-state oxygen reductase activity of the wild type 
cytochrome cbb3, the truncated CcoNOQPX variant and the E49IIIA mutant of the full 
length enzyme. The assays were performed using TMPD as the electron donor.  
 
 
0 
20 
40 
60 
80 
100 
6 6.5 7 7.5 8 8.5 9 
A
ct
iv
ity
 (%
) 
pH 
WT 
E49A 
CcoNOQPX X 
 175 
 
Figure 6.9. Resonance Raman spectra of the oxidized (a) and reduced (e) truncated 
enzyme, CcoNOQPX, compared to those of the wild type cytochrome cbb3 (Spectra b and 
f) in the low frequency region (A) and the high frequency region (B). Spectra c and d are 
the difference spectra with respect to the reduced forms of the truncated enzyme (e) and 
the wild-type (f), respectively. The laser power at the samples was ~ 7 mW. 
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Figure 6.10. Resonance Raman spectra of the reduced CO-bound truncated enzyme, 
CcoNOQPX (Spectra a), compared to that of the wild type cytochrome cbb3 (Spectra b) in 
the low frequency region (A) and the high frequency region (B). The laser power at the 
samples was ~ 1.5 mW. 
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Figure 6.11. CO-recombination kinetics following flash photolysis of the fully reduced 
wild type cytochrome cbb3, the E49IIIA, CcoNOQPX and CcoNOQPX- E49IIIA mutants, 
monitored at 430 nm (A) and at 415 nm (B). (A) CO rebinding to hemes c and b3 is 
monitored at 430 nm where both processes contribute. The rapid decrease and subsequent 
slow increase in absorbance correspond to CO recombination to the heme c and to the 
heme b components of the enzyme, respectively. (B) CO rebinding monitored at 415 nm 
mostly shows CO binding to a heme c component. Experimental conditions: 5 μM 
enzyme, 50 mM Hepes, 50 mM KCl, 0.03% DDM, 3 μM PMS, 3 mM ascorbate, ~100 
μM dithionite and 1 mM CO at pH 7.4 and 298K. The traces have been normalized to 
the same absorbance change at 0.3 ms and then spaced for better comparison. A laser 
artifact at t=0 has been truncated for clarity.  
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Table 6.1. Comparison of the properties of the wild type and mutant variants of 
cytochrome cbb3 from V. cholerae 
 
All residue numbers are for cytochrome cbb3 from V. cholerae.  The superscripts indicate 
mutations in Subunit I (CcoN) or Subunit III (CcoP); “his”, histidine tag; “*”, previously 
reported in (25).  The assembly of the cytochrome cbb3 are indicated as “+”, normal 
assembly; “-” no enzyme complex obtained after purification; “ND”, not determined.  
  
Mutants 
Turnover % 
(e
-
/sec cbb3) 
Assembly 
WT 100 (200e-/sec) + 
E49
III
A* 10 + 
CcoNOQP
89X
 (his
I
) 9 + 
CcoNOQP
89X
 (his
III
) 15 + 
CcoNOQP
109X
 (his
I
) 8 + 
CcoNOQP
89X
-E49
III
A <3 + 
CcoNO N/D − 
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Table 6.2. Comparison of O2 reduction activities and respiratory control ratio (RCR) of 
the wild type and mutant enzymes before and after reconstitution into phospholipid 
vesicles 
 
 
  
 
!
activity!(e*!sec*1!cbb3*1)!
! !
In!vesicles!
! in!detergent! controlled! uncontrolled! RCR!
WT! 198±8!(100%)! 17! 62! 3.9!
CcoNOQPX! 18±2!(9%)! 8! 21! 2.7!
E49IIIA! 20±2!(10%)! 12! 24! 2.2!
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